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Abstract. This paper presents the theory of the FORI-CSDR algorithm (Focus On Regions of
Interest - Context-Sensitive Data Reduction). The FORI-CSDR algorithm is able to reduce the
amount of image data in dependence of the image context. Within the important image regions
nearly no image data will be reduced. The image data of the unimportant image regions are
reduced in a very strong way. The data reduction factors for the important and the unimportant
image regions can be chosen independently. The FORI-CSDR (focus on regions of interest -
context sensitive data reduction) algorithm is able to increase the total data compression rate by
varying the image quality settings block-wise, depending on a determined DOI (degree of
interest) value.
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Introduction

Many image data compression tasks are performed by the use of the well-known
JPEG algorithm. This algorithm achieves good results for multimedia applications but
not for industrial image processing tasks. An ’industrial image processing
disadvantage’ of the JPEG algorithm is, that JPEG uses the same image quality
settings for every pixel block, independently of whether the pixel block contains
interesting or non-interesting parts of an object. Also for the JPEG algorithm some
research projects are existing. Adaptive quantization within the JPEG algorithm is
mainly used for the improvement of the PSNR of an image and not to obtain the
maximum image quality for the important image regions. These algorithms are
optimised for multimedia use [1], [2], [3], [4], [6]. An other huge difference to the
presented FORI-CSDR algorithm is, that those algorithms are not able to vary their
image quality parameters for each pixel block. They examine all pixel blocks at the
beginning and then calculate the optimal image quality parameters for all pixel blocks.
The FORI-CSDR (focus on regions of interest - context sensitive data reduction)
algorithm is able to increase the total data compression rate by varying the image
quality settings depending on a DOI (degree of interest) value.

Theory

The reason for the ’industrial image processing disadvantage’ of the JPEG method is
that for every pixel block the same quantization table is used. JPEG uses the same
quantization table for the interesting parts within one frame (e.g. the objects) and also
for the non interesting parts (e.g. the background). This is problematic when we want
to preserve the full information in the interesting parts, e.g. preserving the edges
within the frame for object measurement. JPEG smoothes the edges on high reduction
rates, therefore we cannot use the JPEG image, e.g. for a subpixel algorithm in a
measurement task. If we want to focus on the interesting parts within the frame, we
have to modify the JPEG method to the FORI-CSDR method. Similar to the JPEG
algorithm the FORI-CSDR algorithm consist also of a data reduction and data
compression part. Therefore, the total data compression rate of the FORI-CSDR is
determined by the data reduction rate (quantization unit) multiplied by the data
compression rate (VLC unit). The FORI-CSDR method changes the data reduction
rate of a pixel block dependent on the degree of interest of the pixel block (DOI
value). Every pixel block within one frame will be classified as whether it contains
interesting parts or not. Depending on this classification, the FORI-CSDR method
changes the quantization tables of the quantization unit. Only the quantization unit is
responsible for the data reduction rate (the following units in the JPEG method are
only performing lossless data compression). Therefore it is possible to vary the data
reduction rate of each block and focus on the interesting parts within one frame by
changing the quantization table for each block. The resulting FORI-CSDR image
contains now high resolution and low resolution areas.
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Fig. 1. This figure shows the complete FORI-CSDR algorithm.

In order to allow different image quality factors, different quantization tables (5)
have to be defined and chosen by the DOI generator (4). The quantization unit (6) is
responsible for the data reduction rate of the FORI-CSDR. The main task of the
quantization unit is to reduce the image quality of each 8x8 pixel block by a given
image quality factor. In order to make it possible to decode a FORI-CSDR encoded
image with a standard JPEG decoder we have to rescale the quantized DCT
coefficients. The rescaling unit (7) makes it possible to implement the FORI-CSDR
functionality as a standard JPEG data stream (10) without changing the format.

DOI Ranges

The FORI-CSDR method is able to handle different quantization tables for different
DOI ranges (=image quality ranges). The developed FORI-CSDR software is able to
handle five different quantization tables and DOI ranges. Table 1 shows the five
different DOI ranges with the suitable image quality factors.

Table 1. different FORI ranges

DOI-range image block content is... image quality factor
0 ... very important 100%
1 ... important 70%
2 ... average 50%
3 ... less important 30%
4 ... unimportant 10%

It is also necessary to define four DOI thresholds in order to assign each block to
one of these five DOI-ranges. These thresholds, related to the image quality factors are
very important for the total data reduction rate of the FORI-CSDR algorithm. The
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thresholds and the image quality factors are the only necessary a priori knowledge and
have to be determined heuristically.

Rescaling of the Quantized DCT Data

A big problem of the described context sensitive data reduction method was the
incompatibility to the standard JPEG method. Therefore it was not possible to decode
the generated data stream by a standard JPEG decoder. This incompatibility is caused
by the block-wise change of the quantization table. The JPEG algorithm allows only a
frame-wise change of the quantization table - not a block-wise change. In order to
decode the FORI-CSDR data stream a special FORI-CSDR decoder is necessary,
which is able to block-wise change the de-quantization tables. This requires also an
additional data field in the non-standard JPEG data stream, in order to tell the FORI-
CSDR decoder which quantization table it has to use for the current block. Such an
additional data field results in a standard JPEG decoder not being able to interpret the
FORI-CSDR data stream. In order to enable the use of standard JPEG decoders to
decode the FORI-CSDR data stream it is necessary to modify the FORI-CSDR
encoder so that the FORI-CSDR data is in the standard JPEG data stream format. This
can be achieved by ensuring the data is presented to the VLC unit in the same form as
that used by the JPEG standard. Of course it is desired, that the increased data
reduction rate, which is produced by the FORI-CSDR, is not cancelled by a decreasing
data compression rate of the VLC- unit (variable length coding) which may be caused
by this slightly change. Therefore it is also necessary to have a closer look to the VLC
unit in order to understand, which properties of the data statistics influence the data
compression rate of the VLC unit.

Four properties of the quantised DCT data are important in order to reach an
adequate data compression rate by the JPEG VLC-unit.

 bit-length of the quantized DCT values.
This property has a direct effect on the amount of coded data (data compression
ratio).

 data statistics
The huffman coder inside the VLC unit uses data statistics in order to compress the
data.

 repetition of same values.
Repeating values in the quantized data stream can be easily compressed by the run-
length coding, which is implemented in the VLC.

 number of trailing zero values
This property is most important for achieving high data compression ratios. If the
quantized 8x8 DCT block consists of only 10 non-zero values, that are followed by
trailing 54 zero values, then only these 10 values are coded by the VLC unit and
sent together with an EOB marker (End of block) to the decoder. Trailing zero
values are completely ignored.
In order to take care about these requirements the FORI encoder uses a trick. After

the quantization of the DCT coefficients a rescaling unit is inserted. This rescaling unit
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is responsible for rescaling the quantization results back to the previous data range,
independent of which image quality factor is used.

The original data range of the DCT coefficients is scaled down by the quantization
unit to a new data range. The rescaling unit stretched the data range back to the
original DCT data range, independently of the quality factor is used. In general we can
say, that the quantization step is reversed but not completely cancelled. The reason is,
that two of the described four properties (see above) are untouched by the rescaling
unit. These untouched properties are a) repetition of the same values and b) number of
trailing zero values. These are the two most important properties of the data stream in
order to reach an adequate data compression rate. The bit-length property is
compensated by the rescaling unit, because, after the rescaling step the DCT
coefficients are containing the same data range as before. In order to reduce the
negative effect on the data statistics, caused by the rescaling unit, it may be necessary
to modify the corresponding Huffman tables.

FORI-CSDR Compared with JPEG

JPEG is one of the best still image data reduction algorithm available at the moment.
Therefore it is important to compare the results of FORI-CSDR algorithm with the
results of the JPEG algorithm. It is important to remember that the JPEG algorithm is
optimised for multimedia purpose and the FORI-CSDR algorithm was developed for
industrial purpose. It is desired that the FORI-CSDR algorithm produces better results
than the JPEG algorithm for edges in images so that further industrial image
processing steps, such as subpixeling, are more accurate.The following experiments
show the results of the FORI-CSDR and JPEG algorithm in different forms. The first
part compares the results of both algorithms referring to the maximum image quality.
This means, that both algorithms are configured, to preserve the same maximum
image quality. In the second part the results are compared referring to the same data
reduction rate. The JPEG images were encoded by standard JPEG techniques and the
FORI-CSDR images by the FORI-CSDR encoder software. The experiment shows
images, recovered by standard JPEG decoder software. The error images show the
differences of the original image to the decoded image as grey-scale values. In order
to improve the visibility of the errors the error images are inverted and a standard
histogram equalisation technique was performed.

Maximum Image Quality
The JPEG image quality was set to 99%. The FORI-CSDR image quality was set to
99% for the important and 5% for the unimportant pixel blocks.

The result of the FORI-CSDR algorithm is shown in figure 2. The show image
presents some visible distortions at the unimportant pixel blocks. Some very obvious
differences to the original image are marked (see marker 1- 3).
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Fig. 2. This figure shows the result of the JPEG decoding unit. The orginal image was encoded
by a FORI-CSDR encoder with 99% / 5% image quality setting

Fig. 3. The FORI-CSDR error image shows the differences of the greyscale values between the
original image and the FORI-CSDR decoded image

Table 2. JPEG/FORI-CSDR data reduction factors

file size total reduction factor1

JPEG 99% image quality 20.407 Bytes 2,36
FORI-CSDR 99% / 5% image quality 9.364 Bytes 5,14

Table 2 shows the comparison of the total data reduction factors of the JPEG
algorithm against the FORI-CSDR algorithm. The table shows, that the FORI-CSDR
algorithm reaches a better data reduction factor without any visible errors at the

                                                          
1 Original file size 48.142 Bytes
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important pixel blocks. Thus a factor of over two improvement in data reduction is
achieved without degradation of the image in the important regions.

Data Reduction Rate
In order to achieve the same file size for the coded JPEG data as for the FORI-CSDR
data, the JPEG image quality factor is set to 91%. The FORI-CSDR image quality
settings remain at 99% / 5% image quality (see table 3).

Table 3. JPEG/FORI-CSDR data reduction factor

file size reduction factor2

JPEG 91% image quality 9.184 Bytes 5,24
FORI-CSDR 99% / 5% image quality 9.364 Bytes 5,14

The following images show the results of 91% image quality setting at the JPEG
algorithm.

Fig. 4. JPEG error image

A decoded JPEG data (coded with 91% image quality setting) offers no visible
difference compared to the original image. Figure 4 shows some errors at the
important pixel blocks (object edges). Slight concentrations of darker pixel values in
the error images are located at the object edges. This indicates more differences
compared to the original image at the important pixel blocks as at the unimportant.

These differences are also visible in the following diagram which presents the
different pixel data at the object edge. In contrast to a image quality setting of 99%
JPEG now offers different pixel data at the important pixel blocks . The measurement
line in this figure shows the difference between the FORI (= original) and the JPEG
edge data. This difference will cause an unrecoverable error in subpixel measurement
tasks.

                                                          
2 Original file size 48.142 Bytes
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Fig. 5. pixel comparison at the object edge

Conclusion

The FORI-CSDR algorithm is able to preserve the original image quality at the
important image regions. In a direct comparison of FORI-CSDR with JPEG the results
show a clear advantage of the FORI-CSDR for the use in industrial image processing
tasks. Figure 5 shows the difference of the original object edge and the JPEG object
edge. This difference is too poor for a 5-time subpixeling algorithm, which is state of
the art in industrial image processing measurement tasks.

The presented algorithm is easy to handle and needs little a priori knowledge.
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Abstract. This paper presents a new method for signing digital images using
high frequency components to guide the way digital watermarks are inserted in
the image. Although this is not a new idea, we implement it working in the
spatial domain, which means a more efficient algorithm and less processing
time. We use a user’s configurable line segment chain to define the watermark
and line segments that can be found in high frequency components of an image
to guide the process of inserting the watermark. Therefore, this method offers a
new way of finding specific zones of the image where watermark is to be
inserted. It also presents a distributed system for signing digital images using
watermarks and delivering watermarked images over Internet. This system
provides secure access using Java applets and a Certification Authority.

1 Introduction

A digital watermark can be defined as a digital image that can be embedded in the
original image and therefore be used to prove who the owner of the image is. As it is
generally accepted [1], a watermark should be invisible to human perception and it
should not affect image quality. The retrieved watermark should unambiguously
identify the owner. It should not be detected by statistical proofs and it should be
difficult to remove. The watermark should be robust to different image processing
algorithms like filters, compression, scaling, etc.. During the last years digital
watermarking has become a very active research field and lot of new methods has
been proposed. As it is described in [1], most of these methods are applied in the
frequency domain, using DCT or another image transform to determine where to
embed the signal (watermark).

Our work is based on the idea that all the images have inside information that can
be used to guide the process of inserting the watermark in the image. The method that
we propose is based on locating high frequency components of the image in the
spatial domain and the embedding operation is also performed in this domain. After
that we applied a line segment detection algorithm that produces several line segment
chains, that are used to guide the way we insert the watermark in the image. So our
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algorithm is image adaptive, because these areas of the image are strongly dependent
of the image itself. Previous works proposed for working in spatial domain were
based on less significant bit (LSB) modification of the pixels located in several areas
selected by pseudo-random sequence number [2]. These methods are very sensible to
common signal processing operations, and don’t resist lossy compression. Other
proposals insert the watermark in image contours or texture, but using frequency
domain processing [3].

2 Digital Image Processing Techniques

2.1 Edge Detection Using Gradient Operator

Transition detection is done using different enhancement edge operators. We used the
gradient operator because it allows us to detect those areas of the image that will be
used as a guide in the process of watermarking. Gradient calculation process is based
on matrix operations, as it’s well known in the image processing literature [4].

  
(a) (b) (c)

Fig. 1. Original image (a), and processed image with high gradient threshold (b) and with low
gradient threshold (c).

Results of applying gradient operator to an image (figure 1 (a)) are shown in
figures 1 (b) and 1 (c). The image representation shown in these figures is obtained
after calculating and applying a gradient threshold. Those pixels with a gradient
module higher than the gradient threshold are set to 255 (white) and the rest are set to
0 (black). Using different values of the gradient threshold implies different results in
the edge detection process (see figures 1 (b) and 1 (c)). In our implementation, the
value of the gradient threshold is defined by the average value of luminance of the
image and it is calculated by analyzing its histogram. So the value of gradient
threshold depends on the image and it is obtained dynamically, making the algorithm
more flexible in that way.
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2.2 Image Segmentation

Once we define all of the pixels in the image where luminance transitions take place
by using gradient operator, we code them generating a list of connected segments
according to a previous chain code definition. Figure 2(a) shows all the direction
codes considered for encoding segments found in images. Therefore this image
segmentation process allows us to go from local pixels to line segment chains. We can
define a line segment chain as a set of connected segments where each segment is
composed of pixels where the intensity variation has the same direction.

To obtain line segment chains we take pixel (x,y), for which we know its gradient
module and argument. If module is higher than threshold, it means that around that
pixel there may be a color transition, and therefore pixels in that area may belong to
an image contour. The argument tells us the color transition direction. In this direction
we analyze the module value of next pixel. If this value is higher than threshold, that
pixel also belongs to the same image contour. This line segment finishes when we
find a pixel where the gradient module is not higher than the threshold value. We
codify all the pixels considering that all the pixels a line segment have to be
connected, they should have the same chain code and a new line segment should be
created as soon as there is a change in the direction. Each line segment is defined by
its starting point, chain code and number of pixels, as is shown in figure 2 (b). As we
discuss later, watermarks will be defined in the same way.

   
Fig. 2. Directions considered for encoding line segments (a) and chain code example (b)

2.3 Enhanced Segmentation Algorithm

We use an enhanced segmentation algorithm, because experimental results of
segmentation algorithm described previously lead us to small line segments, less than
10 pixels average in almost 90% of them. We look for point M of the list where the
distance to the segment defined by p0 and pn is the highest (figure 3 (a)). If distance
from point M to segment defined by p0 and pn, is lower than predefined value called
tolerance, we model the set of pixels p0 ... pn like line segment (figure 3 (b)), in the
other case, we call the algorithm recursively taking as arguments two new lists, (p 0,
M) and  (M, p0). Applying this modification to our segmentation method, we get
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longer line segments and lower number of them, that reduces considerably processing
time.

(a) (b)

Fig. 3. Set of pixels (a), and line segment approximation model (b).

3 Watermark Definition

The watermark will be described in the same way that the image itself after
segmentation, i.e. using chain codes. Watermarks are generated using author,
customer and Trusted Third Party (TTP) identification data, a timestamp and a
specific code for each operation. In our tests we use numerical codes, but any data
should be used applying a hash function [5]. This information is coded in five blocks,
each one consisting of four bytes, so watermark is 20 bytes long. The coding scheme
uses BCD code to represent author, customer and TTP data. This means that we can
use values between 0 and 99.999.999. Timestamp is defined by using a Unix format,
represented by 32-bit integer (four bytes).

Once these 20 bytes are defined, they must be converted to a chain code in terms of
direction and length. We use 3 bit to code the length of line segment (0 to 7) and other
3 bits to code its direction. This process is developed considering the whole
watermark data as a bit sequence, grouping them in three bit sets. The following
example shows the process; for an input like this: 011 101 000 111 011 010 .. the
chain code, in pairs (direction-length), will be: 3-5; 0-7; 3-2; ..

Inserting a timestamp in the watermark and using TTP certificates [4] we can
address the problem of several watermarks of different people in the same image,
discussed in [6].
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4 Watermark Insertion Algorithm

4.1 Carrier Selection Algorithm

The criteria that we use to insert the watermark is based on the two data structures
that we have: the watermark and the line segments found in the image. Both of these
data structures are defined as a chain of line segments. To insert the watermark in the
image we take the first line segment of the watermark and the first one of the line
segment chain. We begin analyzing the segmens of the original image trying to find
the first segment in the chain of the original image that has the same chain code and a
length greater or equal than the one selected from the watermark. Once we locate it,
we find the central point of this segment and from this point and in a perpendicular
direction a matrix of pixels is selected. The size of this matrix (n x n) and the distance
(d) from the center point (see figure 4) can be user’s configurable. We repeat this
process until all the segments of the original image have been analyzed and all the
segments of the watermark have been used to mark different areas of the image.

Fig. 4.  Line segment chain and selected zone to insert watermark

If one segment fits with watermarking conditions, before it is watermarked we
analyze whether it has been previously marked, then it is skipped and we continue
analyzing the next segment. If it hasn't been marked yet, it is added to a list (carrier)
where we put marked segments. Graphically, the process is shown in figure 5.

By using this implementation, pixels are watermarked only once, and we require
that direction sequence defined by watermark must be equal to the direction sequence
of the image contour.

4.2 Pixel Modification

Pixel modification is also image dependent. In the selected areas we consider pixel
luminance values, increasing this value for N pixels in the selected matrix and
decreasing in the same quantity other N pixels, where N is the size of the square area
to be modified. This variation is done in one of the three RGB (red, green, blue)
colors, the less significant one in that image. The N increased pixels are the N lowest
ones, and the decreased pixels are the N highest ones.
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Fig. 5.: Carrier selection.

The quantity to add or to reduce is the average value of the difference between Vmax

(the maximum value of luminance in this area) and Vmin, (the minimum one). To avoid
saturation, i.e. for any pixel the new value be higher than 255 or lower than 0, a
previous calculation is required. In this case, the value to add/reduce is divided by 2
successively until the new values fits between the limits. If more than N pixels have
the same luminance value, we choose pixels to add/reduce its luminance following the
left to right and up to down criteria. With this modification the luminance average
value in this matrix is not modified. During detection process we look for an
incremental variation and not absolute values, which makes the algorithm more robust
and tolerant to signal processing operations.

5 Watermarking Detection Algorithm

The proposed method establishes two different ways to detect if a watermark is
present or not in a image. In both of them we need either watermarking process
information or the original image. First of the ways establishes that the watermarked
image should be processed in the same way as during insertion process, i.e. using
gradient operator, segmentation and line segment encoding. With watermark
definition data, we verify that correspondent areas have the luminance modification
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previously defined. In this case we need all the data that defines the watermark, but
the original image is not needed. The second way is based on comparing pixel
luminance values in the selected areas. When we insert the watermark, we save in a
file the position of carrier pixels. By using this file and watermarked image we can
select those pixels in the watermarked image where a luminance modification is
expected. Luminance values of the watermarked image in the selected areas and
values of the original image after applying our modification algorithm are compared.

Based on the results, we can deduce if the image has a watermark or not. Three
options are possible: image has the watermark (more than 90% of position
coincidence), the image has the watermark but it has been manipulated (values
between 90% and 30%) and the image hasn’t it (values less than 30%). Other
proposed techniques don’t need the original image to watermarking extraction
process. Original image or information of watermarking process could be requiered as
another proof of ownership.

6 Distributed System for Validation

Validation distributed system elements are the server, the Database, the Certification
Authority (CA), and the Client (see figure 6). Image distribution over Internet is done
by watermark insertion in real time, providing access to them in a secure way using
Java applets. There are two operation modes depending on client features. In the first
case (unidentified client) the client must know the CA public key (1) in order to
encrypt data that only CA could decrypt. CA signs with his private key server’s public
key (2). The server sends this signed key to the client (3). So, client gets server’s
public key in a secured way (he can verify it using CA public key). That is, client has
a proof of server’s identity. The client creates a random session key and sends it to the
server encrypted with the server’s public key (4). Server decrypts it and from now on
they have an encrypted channel between them. The client requests home page from
server through this channel (5). The server creates a random session key that is sent to
the client in secured way and the applet that will manage the connection with database
and watermark application. The server sends this random session key to the database
application in a secured way (6).

The applet that establishes the connection with the database begins a connection
protocol sending client identification data (for example IP address, a machine name, a
code) encrypted with the session key created by the server (7). Database application
confirms the reception of this identifier assigning a code that client must use to
request images from database (8). This code forms part of the watermark. The client
selects an image from the database (9) and it is watermarked in real time with author,
customer and TTP identifiers, the code previously defined and a time stamp. The data
related with the operation is stored in the database (10).
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Fig. 6.  Watermarked image distribution process.

In the second case (identified client), the client should have a certificate (a public
key signed by one CA). With it, the server can prove client identity and optionally use
two different session keys (one in each way). Mutual identification and watermarking
processes follow a similar mechanism to the one explained previously.

7 Experimental Results

Experimental tests have proven that our algorithm is very robust to JPEG
compression, colours and resolution modifications if this variation is not visible,
spatial filters that don’t produce significant modifications in the original image and
invisible random noise addition. Figure 7 shows the original image (a), the same
image after applying gradient operator and segmentation algorithm (b), the selected
areas where we insert the pixel modification for a given identification data (c). Image
areas where we insert the watermark are very similar to the ones obtained using
frequency domain processing, as is shown in [7].

8 Conclusions

The new algorithm that we present, allows us to insert watermarks using spatial
domain image processing techniques, which provide us faster processing times. We
prove that it is possible to watermark digital images using high frequency components
to guide the process of digital image watermarking in the spatial domain. The
implemented carrier selection procedure guarantees robustness against usual
processing techniques and common compression algorithms because the watermark is
inserted in important information areas of the image. This work describes a new
algorithm that uses the same method to define the watermark, and to describe and
select those areas of the image where the watermark is to be inserted.
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(a) (b) (c)

Fig. 7. Original (a), segmented (b), selected areas for watermark insertion (c) and watermarked
images (d).

A distributed arquitecture is proposed for watermarked image distribution over
Internet, using Java applets that allows us to work with almost any kind of platform.
CA interaction provides us a way to certificate ownership, and develop high secure
transactions.
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Abstract. This article deals with image and volume registration of stacks of
serial optical slices from a large biological tissue specimen captured by a
confocal microscope. Due to the limited depth of observation and the restricted
field of view of the confocal microscope the oversized specimen has to be
sliced into smaller physical sections and scanned individually. The composition
of the stacks of optical slices, which is based on data registration, is achieved in
two steps. First, sub-volumes are created by volume registration of overlapping
stacks of optical slices (volumes) captured from individual physical section.
Second, image registration of peripheral images of sub-volumes of neighboring
physical slices makes possible to compose 3D image of the whole specimen.
Both registrations are based on similarity measures, such as the sum of absolute
valued differences, normalized correlation coefficient, and mutual information.
Data registration requires optimization of the search for the global extreme of a
similarity measure over a parametrical space. Therefore, optimization
strategies—n-step search, adaptive simulated annealing and stochastic
approach—are used, and their optimal set-up is presented. The composition of
stacks enables us to visualize and study a large biological specimen in 3D in
high resolution.

1 Introduction

To register data means to determine coefficients of the chosen type of geometrical
transformation between two data sets so that the corresponding elements of both data
sets are mapped adequately. This can be expressed by the equation,

  , (1)

where T’, T stand for geometrical transformations; F for measure of quality of data
registration; u(.) for an element of a reference data set; v(T(.)) for an element of a data
set to be registered (that is related to the corresponding element of the reference data
set u by transformation T). As most of optimization strategies search for global
minimum of the registration quality measure, “min” is put in (1).
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We register images and volumes captured by confocal laser-scanning microscope
(CLSM, Bio-Rad MRC 600) from a large biological tissue specimen. Due to the
limited depth of observation and the restricted field of view of CLSM the specimen
has to be sliced into smaller physical sections. These sections are then scanned
individually. Another problem arises from the restricted field of view of the
microscope, which is compensated by scanning a physical section by parts. Thus, we
obtain an ensemble of partially overlapping stacks of serial optical slices (volumes)
that has to be composed. After their composition, alignment of neighboring physical
sections is carried out by registration of their peripheral optical slices. Thus, we get a
whole individual volume that represents the oversized specimen in electronic way
enabling us to render and visualize it in 3D in high resolution (see Fig. 1).

Fig. 1 A process of 3D visualization of a large biological tissue specimen.

2 Data

Scanning a physical section by parts results in an ensemble of overlapping stacks of
optical slices. These slices are gray-scale 768x512 pictures, and their stack represents
a volume. Adjacent volumes of the same physical section are captured by CLSM
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using object stage controlled by stepping motor; therefore, we know a priori mutual
overlap and approximate position of the volumes. Registration will be achieved only
by small linear shifts in x, y and z axe without rotation. To compose the volumes, we
need to specify the position for which the overlapping parts of the volumes attain
maximum similarity. The similarity is highest at registration because of similar
conditions of data acquisition. However, a global shift of brightness aimed at better
visibility of observed objects in volumes may cause some problems, and a measure of
registration quality should be robust enough to handle such a matter.

Alignment of the neighboring physical sections requires registration of their
peripheral optical slices, and re-computing one stack of optical slices (volume)
according to the obtained coefficients of geometrical transformation. The peripheral
optical slices, however, are not identical, but only similar in contents, because there is
some spatial distance between them, see Fig. 2. Also, physical sectioning can
mechanically deform objects in these slices. Misregistration of the peripheral optical
slices is due to general rotation and shifts along x and y axes restricted to approx.
150 pixels. The optical slices can be mutually shifted regarding brightness scale too.

As biological specimens are used terminal villi of human placenta studied in
connection with morphology of their capillary bed.

Fig. 2 Example of optical slices with mutual distance of approx. 10 m.

3 Methods and Results

Since we attempt at an automatic procedure for registration and composition of stacks
of optical slices that can differ to some degree, the boundary-based and point-
mapping registration methods are of little use for our purposes. Therefore, we focus
on similarity-based methods maximizing certain similarity function of data sets. To be
able to cope with relatively great image diversity of peripheral optical slices we look
for a robust but computationally fast enough criterion of data similarity. We have
already experimented 1], [2 with criteria such as the sum of absolute valued
differences (SAVD) 3, normalized correlation coefficient (NCC) 3 and mutual
information (MI) 4. On the basis of practical experiments we came to the conclusion
that SAVD is a very fast criterion, but it is not suitable for registration of data sets that
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differ in brightness scale. NCC works much better in this case and its computational
demands are still acceptable. MI is the most computationally demanding criterion, but
it is the most robust criterion managing even non-linear dependencies between
elements of data sets. Also, MI gave the most exact results concerning registration of
distant peripheral optical slices in our pilot tests, which proved opportunity to register
optical slices up to min. 10 m. Characteristic shapes of the criteria in a neighborhood
of registered position of distant optical slices for shifts 15 pixels are depicted in Fig.
3. SAVD and NCC have broader extremes when compared with MI whose global
extreme is very sharp, narrow and masked by local ones. For the sake of better
comparison all graphs in Fig. 3, NCC and MI are depicted multiplied by -1 because of
their positive maximums.

Fig. 3 Characteristic shapes of criteria in surroundings of registered position of distant optical
slices.

Data registration requires finding the global extreme of a similarity measure in a
parametrical space, which can be hidden among local ones. Therefore, an
optimization strategy as robust and fast as possible is desirable. From the point of
view of an applied optimization strategy, the broader the shape of the criterion
extreme, the easier is to localize it. On the other hand, the sharper the shape of the
extreme, the more precise registration is achievable.

The most simple optimization strategy is represented by the so-called “full-search”.
It is based on exhaustive searching through the whole parametrical space, and it is
rather time-consuming. Consequently, we studied 5 more sophisticated strategies
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such as genetic algorithm 6, downhill simplex method (ameba) 7, Powell’s method
7, and adaptive simulated annealing (ASA) 8. We applied the strategies 5 to
registration of serial (distant) optical slices (which is equivalent to registration of
peripheral optical slices). We obtained the best results with ASA in combination of
stochastic approach. While ASA is initialized by a starting point, the stochastic
approach enriches it by multiple re-starts with random starting points evenly
distributed in a parametrical space. ASA1 (also called ”very fast simulated re-
annealing”) is an optimization strategy whose application on data registration has not
probably been reported yet. It is fast—its speed depends on chosen predefined
accuracy—and robust. Therefore, it is suitable for data registration.

Table 1 illustrates the number of successful localizations of global extreme—
whose position we knew—when ameba, Powell’s method, and ASA with
combination of stochastic approach (i.e. stochastic ameba, stochastic Powell’ s
method, stochastic ASA) were applied to the registration of serial (distant) optical
slices (see Fig. 2). As similarity criterion SAVD, NCC and MI were used. The number
of repeated re-starts was set to 30. As one can see, the worst result for all
optimizations strategies were obtained in case of MI, because it has the narrowest and
the worst detectable global extreme. The highest number of successful registrations
was reached in case of stochastic ASA for each of similarity criteria. The lowest
number of successful registrations we get in case of stochastic Powell’s method which
also requires the highest number of criterion evaluations. The number of criterion
evaluations qualifies an optimization strategy from the aspect of its speed. The latter
number serves for an assessment of strategy’s speed. The lower it is, the faster the
strategy convergence to an extreme of the optimized criterion. From this point of view
ASA is slower than stochastic ameba but—as mentioned above—more robust.

Table 1. Numbers of successful localizations of global extreme during registration of serial
(distant) optical slices for different optimization strategies and similarity criteria (30 re-starts);
bracketed numbers represent numbers of function evaluations necessary for registration.

similarity
criterion

stochastic ameba stochastic Powell’s
method

stochastic
ASA

SAVD 14 (5014) 9 (15 373) 19 (8220)

NCC 9 (8287) 8 (17 335) 19 (8220)

MI 1 (3985) 0 (9569) 6 (8220)

                                                          
1 Source code of ASA in C is available via anonymous ftp-servers [11], [12].
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On the basis of the aforementioned experiments we suggested algorithms for data
registration that are optimal from the point of view of speed, robustness and
reliability.

Registration (composition) of adjacent partially overlapping volumes can be solved
simply. We know approximate position of both volumes and the size of the overlap.
Thus, registration requires only small shifts of the first volume with respect to the
second one according to x, y and z axe. It is sufficient to apply shifts along x and y
axes in extents 20 voxels and along z-axis only 1 voxel2. One possibility how to
find the global extreme of a criterion is to use “full-search” with multi-resolution
approach that lowers the size of data sets 9—there is no need of more sophisticated
optimization strategies, since the parametrical space is rather small. Our proposal is to
replace full-search by “n-step search” 10. This technique hinges on searching the
parametrical space with large step first, and when an approximate position of the
extreme is found, the step is decreased to its half. The extreme position is refined only
in vicinity of the previous result, and the step is decreased to its quarter, etc. “n”
represents number of the partitioning of the step. To achieve the sub-voxel accuracy
we set “n” equal to four (4-step search) with searching in the first step by four voxels,
in the second step by two voxels, in the third step by one voxel, and, finally, in the
fourth one by the half of voxel. By this way we reached certain simplification of the
previously reported procedure 9, preserving low computational demands and
increasing registration accuracy, because data set of low resolutions is used 3. Our
registration procedure requires about 750 criterion evaluations. But it should be noted
that this approach is not quite suitable4 for optimizing criteria that have narrow global
extreme masked by local ones, e.g. MI; then “full-search” should be applied.

Alignment of neighboring physical sections is a more complicated task. It is based
on registration of peripheral optical slices that are generally mis-positioned and that
are only similar in contents. Because of the very large parametrical space to be
investigated we applied the multi-resolution approach. In case of this, it is vitally
important to detect the global extreme on the level having the lowest number of data
elements (pixels) as a prerequisite of correct registration of the original images.
Therefore, robust, but fast enough optimization strategy should be applied. From all
the strategies we tested the most suitable is stochastic ASA. The chosen number of
repeated re-starts depends on the criterion used. It got proven that SAVD and NCC
needed about twenty re-starts, but MI required at least thirty re-starts. One possibility
how to continue searching on the next levels is to apply ASA again, but only once for
a point of the extreme of the previous levels. Alternatively, n-step search—described
above—can be applied too. Both approaches are approximately equivalent as far as
the convergence speed (expressed by number of criterion evaluations) and accuracy of
registration are concerned.

Registration ends by specifying position of the global extreme of images of
original resolution. Fig. 4 shows registration of 10-m distant optical slices
accomplished by procedure described and with NCC as a similarity criterion.

                                                          
2 We assume good stability in z-direction when a physical slice is studied by CLSM.
3 When small objects, like grains or stars, are presented in images, after significant lowering

resolution of the images they are practically eliminated.
4 If the global extreme is narrow with regard to the size of step, “n-step search” can miss it.
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Fig. 4 Registration of distant optical slices (10 m; 512x512) accomplished by the above
described algorithm with NCC, A), B) are slices to be registered and C) is slice B) after
registration; global extreme was found in position x=-9,63 (pixel), y=-50,08 (pixel), =97,03°
for NCC=0,55425 with 4242 criterion evaluations.

4 Conclusions

This work is devoted to the composition of stacks of serial optical slices captured by
CLSM, which is based on data registration. The task consists of two steps. First, it is
necessary to compose adjacent overlapping volumes captured from single physical
section. This is based on slightly modified procedure that utilizes “n-step search”,
which enables us to achieve higher accuracy and easier implementation. Second,
image registration is applied to create a volume from neighboring physical slices.
Image registration makes use of multi-resolution approach combined with adaptive
simulated annealing and stochastic approach. This combination proved to be robust,
fast and general enough for our purposes and it represents an original modification of
the image registration procedure. Also, we paid attention to similarity criteria whose
application depends on distortion of transfer function (linear, non-linear distortions)
of both data sets. Selection of suitable criterion is in hands of an operator that judges
the character of the distortion.

Our future aim is to develop a software package for automatic or semi-automatic
registration and composition of optical slice stacks in order to enable physicians and
biologists to study human and biological specimens in high resolutions. The package
should be based on the results of this practical study.
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Abstract. An active contour model with expansion “balloon” forces was used
as a tool to simulate the changes in shape and increase in cross-sectional area,
which occur during the contraction of isolated muscle fiber. A polygon,
imitating the boundaries of the relaxed muscle fiber cross-section, represented
the initial position of the active contour model. This contour was then expanded
in order to increase the cross-sectional area and at the same time intrinsic elastic
properties smoothed the contour. The process of expansion was terminated,
when the area of the inflated contour surpassed the preset value. The equations
that we give, lead to a controlled expansion of the active contour model.

1  Introduction

Skeletal muscles, which are exquisitely tailored for force generation and movement,
are characteristically composed of muscle fibers with different structural and
functional properties. Besides the prevailing contractile proteins organized into
cylindrical myofibrils, a fiber’s interior contains other organelles essential to cellular
function. Among these mitochondria, lipid droplets, and glycogen provide the
metabolic support needed by active muscle. Externally a muscle fiber is bounded by
the sarcolemma, an elastic material, composed of plasma membrane, an external basal
lamina, and a collagen layer having together a thickness of about 0.1 m.

In transverse section the profiles of the muscle fibers are usually polygonal
because endomysium, the bounding connective tissue, enforces tight apposition of the
fibers as they grow (Fig. 1). The endomysium is the site of metabolic exchange
between muscle and blood, and capillaries run, together with small nerve branches, in
this layer.

When a motor neuron is excited, an action potential is propagated along the
axon and its branches to all of the muscle fibers that it supplies and elicits a twitch
contraction. If a second nervous impulse is delivered before the muscle fibers relax,
the fibers contract again, building the tension to a higher level. Because of this
mechanical summation the higher the impulse frequency, the more force is produced.

Recently Taylor and colleagues [7,10], found that an isolated fiber’s cross-
sectional area increased during isometric tetanus. The magnitude of the increase
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varied from 1% to 40% along the fiber with the mean of 20-25%. Active force
development along a fiber’s axis thus evidently produces outwardly directed radial
forces.

Fig. 1. A sample of muscle fibers. The profiles of muscle fibers are polygonal.

The purpose of this study was to simulate changes in cross-sectional area and
shape, due to contraction of isolated muscle fibers. We have explored the idea of
active contour models or snakes, introduced by Kass et al. [4], which have proved to
be a useful technique for detecting object contours and shape changes [5,9]. The
energy functional was formulated in such a way that only the contour’s intrinsic
elastic properties and outwardly directed radial forces governed the behavior of an
active contour model. No other external forces were thus present.

The paper is organized in the following way. In section 2 we review the
classical active contour models and give the equations that control their well-known
shrinking effect. In section 3 we give equations that enable controlled interaction of
internal elasticity and inflation forces. In section 4 we give the results of the muscle
fiber contraction simulations and in conclusions, section 5, we evaluate the results of
the research and give ideas, how these results can be of use in future work.

2  Active Contour Models

An active contour model is a planar curve defined by a set of connected points, which
iteratively move from an initial position to its final state. The evolution is driven by
minimization of the energy functional Esnake, which is a function of internal and
external energies [4]:

dssEsEE extintsnake  
1

0

vv)v( ,
(1)

where the position of the snake is represented parametrically by v(s)=(x(s),y(s)),
along contour s, 0  s  1. The internal energy term Eint, controls the elastic properties
of the snake and is expressed by:
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where the parameter (s) controls the amount of stretching the snake is willing to
undergo and (s) controls the amount of flexing it will allow. The external energy Eext

comes from the image and/or higher-level processes and is responsible for the
deformation and moving of a snake.

Using the calculus of variations, minimizing the energy functional gives rise to an
Euler-Lagrange equation which, when discretized and solved iteratively, gives [4]:

))(()( 11
1

  
kkk vfvIAv , (3)

where vk={v1,k,v2,k,…,vN,k} are the positions of N control points at iteration k, A is a
pentadiagonal matrix, depending on the elasticity parameters  and ,  is the step
size parameter, and f(vk-1) are the external forces at control points of the discretized
snake. Internal forces provide regularization through the inverse of the positive
definite matrix (A+I).

In the absence of external forces, i.e. f(vk-1) = 0, active contour models tend to
shrink into a point. To evaluate the shrinking effect, Gunn [2] used a discrete circular
contour defined as:
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where vi,0 is the initial position of a point i on the circular contour, which is defined by
N points ci,0, i = {1,...,N}, r0 is the radius of the initial contour and t0 is the vector
indicating the circle's center. If the contour v0 is exposed only to internal forces, it
shrinks uniformly and the amount of contraction in one iteration, expressed as r, r
= rk-1 - rk, depends on the values of elasticity parameters  and , and the step size
parameter  as follows [4]:

)164( 42 
 kr

r ,
(5)

provided that the number of points N>>. On the other hand, for preselected elasticity
parameters  and  and radius rk-1 defined, any desired decrease of radius r (except
r = 0) can be achieved by setting the value of step size parameter  to:

r
rrk
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The parameter r may thus control the step size parameter , i.e. the speed of
contraction. When the value of r is small, the contraction is smaller and as the value
of r increases, the amount of contraction of the snake increases accordingly. Fig.2.
shows the evolution of the active contour model in five iterations from the same
initial position, a square, using different values of r. Equation 3 with external forces
f(vk-1) set to zero was used to define the position of points after each iteration. A
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smaller r, and a correspondingly higher number of iterations would eventually lead
to the same final contour position as using higher value of parameter r and lower
number of iterations.

         r = 0.001 r = 0.01         r = 0.1 r = 1

Fig. 2. The initial position of the active contour model is indicated with a dotted line, which has
a shape of a square. Five iterations were executed, using different values of r.

Fig.3 shows how the values of elasticity parameters  and  influence the
evolution of the active contour model, when step size parameter  is calculated
following equation (6). The values of parameters  and  were changed in the range
from 10-6 to 10+6, while parameter r was set to r = 1. Results were similar for most
combinations, except the combination, when parameter  had a significantly higher
value than parameter , =10+6 and =10-6. This shows that elasticity doesn’t depend
on the absolute values of parameter  and , but on their ratio, i.e. when parameter 
is bigger than parameter  the contour is more rigid.

     =10+6,= 10+6 =10-6,= 10-6    =10-6,= 10+6          =10+6,= 10-6

Fig. 3. Different values of elasticity parameters  and , despite their large variability, return
almost identical results, showing that parameters  and  do not significantly influence the
behavior of a snake.

Due to its internal energy, the active contour model always tends to shrink. The
amount of shrinking can be controlled by a suitable value of r. To achieve an
expansion of the active contour model, strong enough external forces have to be
applied. Inflation forces, which were proposed by Cohen [1], are pushing the points of
the snake outwards, in the direction perpendicular to the contour. The snake acts as if
air was introduced inside and these kinds of active contour models are also known as
“balloons”. The external forces, as defined in [1], are:

kibfki f ,, )v( nf  , (7)

where ni is the normal unit vector to curve at points vi in iteration k, and fbf is the
“balloon force” amplitude. The normal unit vector at discrete control points of an
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active contour model was defined according to the solution proposed by Lobregt and
Viergever [8]. Fig. 4 illustrates the effect of internal, shrinking, and external, inflating
forces.

3  Simulation of Muscle Fiber Contraction

Active contour models with expanding forces were used as a tool to simulate changes
in shape and cross-sectional area during contraction of isolated muscle fibres. The
internal forces of the active contour model were used to simulate the elements of the
cytoskeleton that normally restrict lateral expansion of an intact fiber. The expansion
of muscle fiber boundaries was achieved by applying a pressure force pushing outside
in every point vi,k, in the direction normal to the contour. This simulated the outwardly
directed radial forces that are produced by active force development during fiber
contraction.

    (a)        (b)

Fig. 4. The amount of shrinking of a circular contour (a) can be supervised by the step size
parameter , which is based on the value of r (equation 6). In order to expand the contour,
inflation forces, strong enough to overweight the contraction, have to be applied (b).

The resemblance between muscle fibers and Voronoi polygons was first observed
by Honda [3]. Based on that observation we selected a ’Voronoi-like’ polygon to
imitate the boundaries of a muscle fiber and at the same time represent the initial
position of the active contour model. This initial contour was then expanded in order
to increase the cross-sectional area, and at the same time intrinsic elastic properties
smoothed the contour. After every iteration k the active contour model area Ak was
calculated and checked for the stopping criterion. The process of expansion was
terminated, when the area of the expanded contour surpassed the preselected value
Acontracted:

contractedk AA   , (8)

which represented the cross-sectional area of muscle fiber in contracted state.
This simulation is an iterative process and, in order to get a good approximation,

the increase of area in each iteration should be small, to gradually approach the
desired value of cross-sectional area Acon trac ted. This calls for carefully tailored
inflation forces which, on one hand, balance the contraction forces and, on the other
hand, expand the active contour model for a small amount A. Based on user selected
value of A we have derived the necessary inflation forces. The expansion of a
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circular contour, as defined in equation (4), in every iteration increases the contour’s
area for:

)( 2
1

2
 kk rrA . (9)

Because the shrinking effect can be made insignificant by setting r in equation (6)
to a small enough value, the size of inflation forces also defines the size of expansion
of the contour and therefore rk = rk-1 + fbf. Inserting rk = rk-1 + fbf  in equation (9) and
expressing fbf leads to the amplitude of inflation forces:

Arrf kkbf  
2

11 .
(10)

Inflation forces are added to every active contour model point and they act
perpendicularly to the contour in the direction toward outside. The complete evolution
equation for controlled expansion of the snake is:
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  kbfkk f nvIAv . (11)

Internal forces act uniformly on each contour point only in case of a circular
contour with evenly spaced control points. Equations (9)-(11) are derived on the
assumption that we are dealing with such a contour, as is defined in equation (4).
These conditions are not exactly met in the case of contours representing the muscle
fiber boundaries, but nevertheless the differences are not too excessive.

4  Experimental Results

As we have shown in Fig.3, the values of parameters  and  do not significantly
influence the behavior of the active contour model, especially when the value of r is
small. Therefore we have set them to constant values (==1). The values of
parameter r varied from 10-2 to 10-6. Neering et al. [7], have found that the cross-
sectional area of an isolated frog’s fiber increased from 1-40% from the relaxed to the
contracted state. Following these figures we studied the increase of area form its
initial size for 0.1%, 1%, 10% and 40%. Results of the experiments, using a polygonal
initial shape, different values of parameter r, and different area changes A are
shown in Fig.5.

In our experiments the parameter r could not take values greater than 10-2.
Inflation forces kbf are calculated based on the assumption that the shrinking effect is
negligible. If the values of r are to big, than this no longer holds, and the inflation
forces are not strong enough to overcome the shrinking effect. Nevertheless, the
allowed range of parameter r leaves enough room to simulate the desired changes in
shape and size of cross-sectional area during contraction of isolated muscle fibers.

Fig.5 shows that, in order to get a rounder final shape, the increase of area
should not be too small. In case, when the area increased for 0.1%, the smoothing
effect was limited, even with higher value of parameter r. Vertices were softened,
but the overall shape of the contour didn’t change much.
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A=0.1%

A=1% 

A=10%

A=40%
           r = 10-2 r = 10-3 r = 10-4 r = 10-6

Fig. 5. The dotted line indicates the 'Voronoi-like' polygon, representing the initial position of
the snake. Desired increase of contour's area was set to 0.1%, 1%, 10% and 40% (following the
results of Neering et al.[7]) and the results obtained with different values of r parameter are
shown in the first, second, third and forth row, respectively.

         A = 0.1%         A = 1%       A = 10%      A = 40%

Fig. 6. Simulation of different flexibility conditions along the contour. Parameter r is
changing from 10-3 at the top to 10-6 at the bottom of the contour.

In another experiment we studied the changes in cross-sectional area and shape by
presuming that different segments of the contour have different elastic properties. We
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have simulated these conditions by changing the value of parameter r along the
contour. The value of parameter r a the top of the polygon in Fig. 6 is r = 10-3,
allowing a greater flexibility, while at the bottom of the contour r = 10-6, decreasing
the flexibility.

5  Conclusions

The present study is a preliminary one. The experimental design involved isolated
muscle fibers. In living muscle in situ, where extracellular space is restricted, the
amount of cross-sectional area change may be much smaller and the contracted fibers
are most probably much less circular than the contracted isolated fibers. Evidently,
any attempt to extrapolate the magnitude of cross-sectional area and shape changes
simulated in this study to the other situation should be taken with caution. This
research proved that active contour models with addition of inflation forces are a
promising tool for the simulation of muscle fiber contraction. All these data can now
be further used to simulate the interaction of a number of active contour models
corresponding to fibers in a fascicle or the whole muscle.
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Abstract. This paper presents a new approach to the classical
chromosome classification and identification problem. Our approach maps
distinctive features of chromosomes, e.g. length, area, centromere position
and band characteristics, into fuzzy logic membership functions. Then
fuzzy similarity relations obtained from the membership functions are
used to classify and identify the chromosomes. This method has several
advantages over classical methods, where usually a prebuilt single-criteria
of  template chromosomes is used to compare the unknown chromosome
as to make a decision about its identity. First the formulation of
chromosome characteristics using fuzzy logic better compensates for the
ambiguities in the shape or band characteristics of chromosome in the
metaphase images, second the use of all the characteristics of the
chromosomes produce a more fail-safe method. As a preparatory step to
the actual identification process we divide chromosomes according to
their fuzzy similarity relation based on length and area into groups. To
recover from the situations where a chromosome may be misgrouped
because of its disconfirmity to ideal definitions, we refine the grouping of
chromosome by applying fuzzy similarity relations which represent the
relative centromere positions of chromosomes. Then the band
characteristics of each chromosome in a group is correlated with the band
characteristics of the chromosomes in the same group of a preprocessed
template to obtain identity of the chromosome. The templates used at this
step are updated each time when a chromosome is identified, so the
system has an adaptive decision algorithm.

1 Introduction
Cytogenetics deals with the analysis of chromosomes (Fig. 1), which carry genetic
information. There are normally 46 chromosomes in a human cell, which are
arranged as 22 pairs of autosomes (numbered from 1 to 22) and 2 genosomes.
Each chromosome consists of two chromatids which are joined together at the
centromere, that forms the primary constriction of a chromosome. The two
chromatides of a chromosome are called the p-arm and q-arm, with p-arm always
being the shortest. Therefore the location of the centromere classify a
chromosome as metacentric, submetacentric or acrocentric(Table 1). 6 arranges
the chromosomes into seven groups(A-G) according to their descending order of
size and centricity.
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Fig. 1. A typical human chromosome

Besides the shape characteristics of a chromosome, there is another distinctive
feature of each chromosome, which is called a band. A band is a region along the
chromosome, that is apparently darker or lighter in intensity compared with the
adjacent regions. Bands are the result of special staining procedures which are
applied to the chromosome during their metaphase stage.

Table 1. Metacentric, submetacentric and acrocentric chromosomes

Centromere Group Chromosome Number
Metacentric 1 3 16 19 20
Submetacentric 2 4 5 6 7 8 9 10 11 12 X 17 18
Acrocentric 13 14 15 21 22 Y

Manual identification of chromosomes is a time consuming and challenging task,
since it requires the evaluation of lengths, centromere positions and also band
characteristics of the chromosomes in at least 20 cells for each patient to reach at
satisfying results. Also the fact that cytogenetics is very important in medical cases
where time is the primary restricting factor like the identification of chromosomal
disorders and/or prenatal diagnosis the necessity of automatic classification and
identification systems for chromosomes with high accuracy cannot be argued at.

An analysis of current classification and identification systems reveals the fact that
these systems usually employ a template-matching algorithm, where the template is
constructed by the combination of one or more chromosome characteristics. The
weak point of this approach is the fact that a chromosome not matching a template,
e.g. length template may be misidentified because of a random match in another
template, e.g. band template. Therefore we decided to include all of the
characteristics of a chromosome in the classification and identification process and
to design the decision algorithm as similar as a professional in cytogenetics would
do, by formulating fuzzy logic functions of chromosome characteristics.

2 Fuzzy Similarity Groups for Length and Area
Characteristics

Test conducted on many chromosome samples showed that a chromosome
supposed to be smaller than another chromosome according to 6 may be larger
than this chromosome in some metaphases. This fact shows that length and area
characteristics are necessary but not sufficient for automatic chromosome
identification, so we decided to use these characteristics to formulate fuzzy
similarity functions. The use of these functions will group the chromosomes based

centromere

p-arm

q-arm
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on their length and area as a preparatory step in actual identification. The
formulation of the aforementioned fuzzy functions is as follows:

If we denote the length of the chromosome i, with  Li, then the total length of N
chromosomes is given by

L LT i
i

N
 

1

(1)

Then we can express the relative length of each chromosome with
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Using the relative lengths of the chromosomes i and j, their membership degree
can be given by the formula
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which satisfies the following three conditions:

1. each chromosome is identical to itself, ii  1
2. the membership degrees ij and ji for two chromosomes i and j are equal,
3. the membership degree function is defined within the lower and upper limits

of the independent variable l

Fig. 2. fuzzy membership degree relation for the lengths of 46 chromosomes

For 46 chromosomes sorted in descending order by length ij il( )  i=1..46, j=1..46
(Fig. 2) can be arranged in a matrix as shown in Equation 4.
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This matrix represents the similarity relation for 46 chromosomes, where each
value is between 0 and 1 inclusive. 0 means totally dissimilar, 1 means identical.
In this form MR  is both reflexive and symmetric, so it is called a tolerance fuzzy
relation. What we are seeking for is the transitivity of MR  so we apply repeated
max-min compositions as in Equation 5 until the condition N NR RM M 1  is
satisfied.

M M
R R

i

N
N   





1
1

1 (5)

According to Warshall algorithm the condition N NR RM M 1  is satisfied in at most
N  1  steps each consisting of 3N  logic multiplications. In our case  346 45*

calculations is required for each membership degree matrix to reach the steady
state. Therefore we developed an algorithm called, successive power taking, which
reduces the number of calculations drastically. If we denote

1T M MR R *

then it follows that

2 1 1T T T

r r rT T T  1 1 .

This equality can be expressed as

T R R
rM M ( ( ( ) ) )2 2

This formulation reduces the total number of calculations by
( ) / log ( )N N 1 12  steps.

The resulting matrix is the equivalence relation for 46 chromosomes. An -cut
operation is performed on the equivalence relation matrix to defuzzify the relation.
At this step each value of 1 in the ith row of the defuzzified relation matrix shows
the similar chromosomes to the ith chromosome. In this way we obtained the
relative length similarity groups (Gl).  Applying the same technique to the areas of
the chromosomes we obtain the relative area similarity groups (Ga) for the
chromosomes.

3 Fuzzy Similarity Groups for Centromere Positions
The length l of a chromosome can be expressed as:

l p q  (6)

where p and q correspond to the lengths of individual arms of the chromosome.
Then the relative centromere position of a chromosome is given by

c p
p q




(7)
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The calculated values for the relative centromere position of metacentric,
submetacentric and acrocentric chromosomes are given in Table 2.

Table 2. Chromosomes and their relative centromere positions

Chromoso
me Number

Relative
Centromere
Position

Chromoso
me Number

Relative
Centromere
Position

1 .45-.50 13 .13-.22
2 .35-.42 14 .13-.22
3 .44-.50 15 .13-.22
4 .24-.30 16 .41-.45
5 .24-.30 17 .28-.37
6 .34-.42 18 .23-.33
7 .34-.42 19 .42-.50
8 .33-.38 20 .41-.50
9 .32-.40 21 .22-.30
10 .30-.37 22 .22-.30
11 .35-.45 X .36-.41
12 .24-.30 Y .28-.34

As can be seen from Table 2, the majority of relative centromere positions for
submetacentric chromosomes are in the range 0.30-0.42, but chromosomes 4, 5, 12
and 18 in this group disobey this distribution and have values between 0.23 and
0.33. The same behavior can be observed in the group of acrocentric chromosomes
too. The only exception is the metacentric group where all the chromosomes have
values between 0.41 and 0.50. Therefore we decided to group the chromosomes
into four groups (Table 3) based on their centricity in contrast to the three groups
defined in 6.

Table 3. New arrangement of chromosomes in to four groups by their centromere position.

Centromere
Group

Relative
Centromere Position

Chromosome Number

S1 .42-.50 1 3 16 19 20
S2 .30-.41 2 6 7 8 9 10 11 X 17 18 21 22
S3 .28-.34 4 5 12 Y
S4 .13-.22 13 14 15

If we denote the lower limit of a group by ckl and the upper limit by cku, then the
fuzzy membership function to give the similarity among to chromosomes based on
their centricity can be written as:
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The same technique given in the previous section applied to ij kc( )  k=1..4,
i=1..46, j=1..46 gives the relative centromere position similarity membership
degree groups (Gs).

Fig. 3. Fuzzy membership degrees for the relative centromere positions

The intersection of Gl , Ga , Gs groups  is calculated to divide the chromosomes into
seven groups which correspond to the A-G groups 6. The next step involves the
actual identification of each chromosome within the seven groups using their band
characteristics.

4 Identification of Chromosomes Based on Their Band
Characteristics

Each chromosome shows a different band pattern, but external conditions, staining
procedure or the chromosome itself can influence the resulting band pattern, so
that some bands may be missing or other bands become visible. It is therefore
mandatory to use only characteristic band information in the calculations to make
the method more resilient to such changes in band patterns. To extract
characteristic band information we run histogram equalization on the gray level
chromosome images and reduced the gray levels such that only transitions from
white to gray and from gray to black remained. Then we calculated a template
band pattern for each chromosome in each group. To identify a chromosome in a
group, this chromosomes band pattern is correlated with the band patterns of the
chromosomes in the template group using the following formula

r x
E x y

E x E y

x y

x y
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which results in   1 1r x( ) , where values between 0 and 1 shows the degree of
similarity. So we write the following equation to obtain a fuzzy membership
function based on r x( )

( ) * ( )x r x 
1
2

1
2

(10)

The highest ( )x  value gives us the identity of the chromosome. This template
scheme is designed to be adaptive in the sense that the template values are
adjusted and recalculated each time when a new chromosome is identified
correctly.
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5 Conclusion
In this paper we presented an original and new method to the classification and
identification problem of chromosomes based on fuzzy logic membership
functions. This method, at the first step divides the chromosomes into preliminary
groups using similarity relations resulting from fuzzy membership degrees. Second
it rearranges these preliminary groups according to their centromere position
similarity. At last step it identifies each chromosome of a group by correlating its
band characteristics with the band characteristics of template chromosomes of the
corresponding group. The system adapts itself as chromosomes are identified by
updating the templates of the chromosomes.

This method has been successfully applied to 150 metaphase images with an
average rate of 98% correct grouping of chromosomes and 94% correct
identification of chromosomes within these groups.
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Abstract. In this paper, three polygonal approximation approaches using
genetic algorithms are proposed. The first approach approximates the digital
curve by minimizing the number of sides of the polygon and the approximation
error should be less than a prespecified tolerance value. The second approach
minimizes the approximation error by searching for a polygon with a given
number of sides. The third approach, which is more practical, determines the
approximating polygon automatically without any given condition. Moreover, a
learning strategy for each of the proposed genetic algorithm is presented to
improve the results. The experimental results show that the proposed
approaches have better performances than do the existing methods.

1. Introduction

Shape representation is an important process in image processing and pattern
recognition since two-dimensional shapes in an image usually appear as the projection
of three-dimensional objects in the real world. Approximations of such shapes not
only provide compact description with less memory requirement, but also facilitate
feature extraction for further image analysis. Polygonal approximation is one of the
approaches which can provide good approximations of two-dimensional shapes with
any desired accuracy. Many polygonal approximation methods can be found in the
literature. They can be classified into four categories as sequential approaches [5, 10],
split-and-merge approaches [4, 6], dominant points detection approaches [2, 9], and
K-means based approaches [3, 11]. These methods are designed to solve three types
of problems: (1) For a given tolerance of error, the objective is to minimize the
number of approximating line segments. (2) For a given number of approximating
line segments, the objective is to minimize the error norm. (3) Approximate the digital
curve according to its own characteristics without any prespecified restriction.

The solutions of all of the three types of problems involve a searching process in a
complex parameter space. The scheme of this searching process leads to a local or
global optimal solution. Sato [7] used dynamic programming technique to solve Type
2 problem but consuming too much time. Genetic algorithms (GAs) are based on
stochastic search theorems which simulate the biological model of evolution [1]. GAs
perform parallel search in complex parameter space and have been found many
advantages over traditional searching methods. In this paper, we employ GAs to
obtain near-optimal solutions for all of the three types of problems. We also present a
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learning strategy to improve the results of GA search. The performance of the
proposed approach is compared to those of other existing methods.

2. Genetic Algorithms to Polygonal Approximation

GAs are search algorithms based on natural genetic systems [1]. Each solution of the
application is usually coded as a binary string of 0‘s and 1’s, called chromosome. A
collection of such strings forms a population. GAs start with a randomly generated
population of a fixed size. This initial population evolves to the next population with
the same size using three genetic operators: selection, crossover, and mutation. The
evolution process is iterated until a near-optimal solution is obtained or a prespecified
number of generations is reached. Selection operation mimics the natural survival of
the fittest creatures. The probability of each string to be selected is proportional to its
fitness. Crossover is a process where each individual can interchange information
with its mate chosen randomly. Since the highly fit strings take a large proportion of
the population, they will receive increasing trials of crossover in subsequent
generations and extend the exploration in “good” candidate solutions. Mutation is an
occasional alteration of a bit. It provides sufficient diversity of the population to
prevent the unwilling premature convergence and it also guarantees a non-zero
probability of the search to any feasible string.

Assume the input digital curve has n points as S = { x0 , x1 , ..., xn1 }.
Polygonal approximation can be viewed as a searching process of the vertices from S.
The aim is to meet the different goals such as minimizing the number of
approximating segments or minimizing the error between the polygon and S. Since
GAs have a high probability of tendency to a global optimal solution, we employ GAs
for solving all of the three kinds of polygonal approximation problems.

2.1 Genetic Algorithm for Solving Type 1 Problem (GA-Type-1)

The aim is to find the minimal subset of S as the vertices of the polygon such that the
error norm between S and the polygon is less than a prespecified tolerance value .
The error norm can be measured in different ways, such as integral square error,
maximal perpendicular distance error, and the area deviation error. In all of our
methods presented in the following, we use integral square error (which will be
referred to as 2 ) as the error measure since it is appropriate for experimental data.

String Representation and Fitness Function. Each solution of Type 1 problem can

be encoded into a binary string as     a a an0 1 1 , where ai = 1 if xi  is a

vertex of the polygon and ai = 0 otherwise. The number of the vertices of the
polygon is equivalent to the sum of all bit values. Thus, Type 1 problem can be
formulated as minimizing the cost function
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where P( )  denotes the penalty function and is equal to 0 if 2 < , and 2
otherwise. The fitness of each string grows inversely with its cost and is given by

f k C( ) ( )  , (2)

where k is a constant. To prevent an outstanding string with a very high fitness
value taking over a significant proportion of the next population, which is a leading
cause of the premature convergence, the fitness values are properly scaled [8].

The standard genetic operators are used in GA-Type-1. However, the crossover
and the mutation probabilities are adaptive to preserve the diversity of the population.

Learning Strategy. Since GAs improve the fitness of each string by exchange the
information with its mate chosen blindly, the string may not have the chance to meet
its “best” mate. It is infeasible to consider any mate of any string due to expensive
CPU time. Nevertheless, the current best string of each generation might improve its
fitness by copying substrings from a randomly chosen individual. In this work, the
implementations of the learning strategy for various problems are different depending
on the string representations. For Type 1 problem, it is conducted as follows.

Let     a a an0 1 1  be the current best string, and     b b bn0 1 1  be a
randomly chosen string. We define the set of delimiters  as D( , ) ={ i | if ai=bi=1,
0 i n-1}. Let D( , ) ={d0, d1, ..., dm}, where d0 < d1 < ... < dm. We can improve
the fitness of  by checking the fitness values of the new strings of copying the
substring of  between di and di+1, 0 1  i m , to , respectively, and retain the
best one, i.e.,  can improve its fitness by learning from . The proposed learning
strategy will increase the probability of reaching to the global optimal solution and
does not affect the behavior of the original GAs.

2.2 Genetic Algorithm for Solving Type 2 Problem (GA-Type-2)

The aim is to minimize the value of 2  between S and the approximating polygon
with the restriction that the number of segments is equal to a prespecified value c
(which will be referred to as the c-segment constraint).

String Representation and Fitness Function. Each solution of Type 2 problem can
be encoded into a string as     b b bc0 1 1 , where bi   b j  if i  j, and each bi

has log 2 n  bits with a value lying in the range of [0, n-1]. String  means { xb0
,
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xb1
, ..., xbc1

} are the c vertices of the polygon. Then Type 2 problem can be
realized by minimizing the cost function
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where b bc  0  and d x x xij j b bi i
( , )

1
 means the perpendicular distance

between point x j  and segment x xb bi i 1
. And the fitness function is defined by

f k C( ) ( )  . (4)

A special crossover operator which is similar to the partially matched crossover
(PMX) [1] is proposed here to prevent violating the c-segment constraint. Let strings

and  be selected and    a a ac0 1 1  and     b b bc0 1 1 . First,
generate a random number s between [0, c-2], two strings   and   are obtained
by swapping the substrings of and  after position s, i.e.,

       a a a b bs s c0 1 1 1 , and         b b b a as s c0 1 1 1 .
However,   and   may have repeating characters and violate the c-segment

constraint. Let the character ai  from the substring saaa 10  be identical to

another character b j  from the substring 121   css bbb . This problem can be

solved by replacing ai  with a j  which is swapped by b j  in the previous step. This

operation should be done iteratively for both   and   until there is no repeating
character in both strings.

Learning Strategy. Let    a a ac0 1 1  be the current best string, and

    b b bc0 1 1  be another randomly chosen string, the character positions can be
used as the natural delimiters, i.e., D( , ) ={ i | 0 i c-1}. The fitness of  can
be improved by checking the results of the new strings of copying bi of , i
 D( , ) , to , respectively, and retain the best one.

2.3 Genetic Algorithm for Solving Type 3 Problem (GA-Type-3)

The aim is to approximate S by a polygon with respect to any objective without
prespecified restrictions. After inspecting Type 1 and Type 2 problems, we know that
the general goal of approximation is to maximize the compression ratio and minimize
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the approximation error as much as possible. To join the two factors, the fitness
function can be defined as

f R w
( ) 

2
, (5)

where R is the compression ratio measured as R n
c , and w is the weighting

parameter. The string representation is as same as that of GA-Type-1 method. In our
experiments, the approximation error changes more rapidly than does the compression
ratio during the evolution; hence, we set w = 4 in our proposed method. For simplicity
of computation, the fitness function can be replaced by

f ( ) = k c 2
4* , if 3 1  c n ; (6)

= k c c  2
4

2
4* ( ) , otherwise,

since n is a constant and can be ignored, and 2
4 c  is the penalty to decrease

the fitness of invalid polygonal approximation.
The genetic operators and the learning strategy used for GA-Type-3 method are as

same as those for GA-Type-1 method since they have the same string representation.

3. Experimental Results and Performance Analysis

The proposed methods (GA-Type-1, GA-Type-2, and GA-Type-3) and three other
existing methods (Wall-Danielsson‘s method [10], Phillips-Rosenfeld’s method [3],
and Ray-Ray‘s method [5]) are implemented for comparison. Three curves as shown
in Fig. 1 are tested and they are broadly used in the literature [2, 5, 6, 9, 11].

For Type 1 problem with the same given error bound, GA-Type-1 method always
produces fewer number of vertices than that of Wall-Danielsson‘s method (see Table
1). For Type 2 problem with the same given number of approximating line segments,
GA-Type-2 method always produces smaller errors than those of Phillips-Rosenfeld’s
method (see Table 2). For Type 3 problem which is more practical since no input
parameter is required, GA-Type-3 method tends to produce higher compression ratios
than those of Ray-Ray’s method (see Table 3). Moreover, for the digital curve of Fig.
1(a), GA-Type-3 method not only has a higher compression ratio but also yields
smaller error. Hence, GA-Type-3 method considers more correctly based on the
tradeoff between the compression ratio and the approximation error. Fig. 2 shows the
approximation results determined by the proposed GA-Type-3 method automatically.

4. Conclusion
In this paper, we have proposed three GA-based approaches for solving different
types of polygonal approximation problems. We conclude the features of the
proposed methods as follows. (1) GA-Type-1 and GA-Type-2 methods outperform
the existing methods in compression ratio and approximation error. (2) GA-Type-3
method adopts superior factors for Type 3 problem to determine the “optimal”
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approximating polygon automatically. (3) The existing methods are designed to solve
one of the problems, while the proposed methods are provided for all kinds of
problems. (4) The proposed methods can be speeded up by the parallel
implementation.

Table 1 The results of Wall-Danielsson‘s method and the 3-run average
results of the proposed GA-Type-1 method for Type 1 problem.

Fig. 1(a) Fig. 1(b) Fig. 1(c)
Algorithms

2
c

2
c

2
c

Wall- 30 9 150 19 60 15
Danielsson‘s 10 12 90 25 25 18

method 6 36 20 44 15 25

30 7 150 16 60 13
10 10 90 17 25 17

GA-Type-1

method 6 15 20 23 15 23

Table 2 The 3-run average results of Phillips-Rosenfeld‘s method and
the proposed GA-Type-2 method for Type 2 problem.

Fig. 1(a) Fig. 1(b) Fig. 1(c)
Algorithms c

2
c

2
c

2
Phillips- 6 55.01 17 71.0 15 67.53

Rosenfeld‘s 8 34.97 19 63.54 17 62.83
method 10 23.37 21 49.26 19 33.29

6 46.05 17 44.37 15 25.99
8 18.02 19 29.38 17 14.75

GA-Type-2

method 10 12.9 21 20.24 19 12.76

Table 3 The results of Ray-Ray‘s method and the 3-run average results
of the proposed GA-Type-3 method for Type 3 problem.

Fig. 1(a) Fig. 1(b) Fig. 1(c)
Algorithms

2
c

2
c

2
c

Ray-Ray 7.67 14 16.43 26 16.33 19
GA-Type-3 6.74 12 18.56 19 15.54 19
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(a)

         

(b) (c)

Fig. 1 The tested digital curves. (a) A chromosome-shaped curve. (b) A leaf-shaped
curve. (c) A curve with four semicircles.

(a)
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(b) (c)

Fig. 2 The approximation results of the proposed GA-Type-3 method.
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For example, the method of reduction of the DCT to the discrete Fourier transform 
(DFT) of a real double-length sequence proposed in [1] requires 34 operations of real 
multiplication and 56 operations of real addition [6] at N=8 and using of split-radix 
algorithm of a real DFT of length 16. The specific algorithm of work [4] requires only 
12 multiplications and 29 additions.  

This work is aimed at the research of quality of block coding algorithms with use 
of NN-blocks (8N<16). The decrease of a computational complexity of the FA 
DCT (and, hence, the time of the image compression/restoration) is achieved with the 
help of a new approach to the synthesis of such algorithms. The principles of the 
approach were specified in [7, 8, 9]. It was connected to an interpretation of the 
calculation of the DCT as operations in the associated algebraic structures (some 
finite-dimensional algebras). In this work the authors obtain and use the algorithms 
with the minimal arithmetic complexity following these principles.  
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According to Proposition 1(d) it requires 9 operations of real multiplication and 15 
operations of real addition. 
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According to Proposition 1(a) it requires 3 operations of real multiplication and 3 
operations of real addition. 


The total complexity of the DCT algorithm of the length 8 including the forming of 
the auxiliary variables  is equal to 9+3+1=13 operations of multiplication 

and 14+15+3=32 operations of addition. 
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Then the part of multiplications becomes trivial. Multiplications by g, e, c are 
united with the normalization of the DCT-spectrum components (with multiplications 
by ) in (1). Thus the proposed DCT algorithm of length 8 requires 2+8=10 

operations of multiplication and 32 operations of addition. 
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Analogous propositions can be proved for N=10, 12, 15. 
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Table contains the number of operations for the implementation of the DCT by the 

proposed and known methods.  



  

 

N Proposed algorithms The algorithm of Ref. [12]
        
8 10 32 12 29
9 8 44 11 44

10 9 43 15 36
12 13 51 20 43
15 21 82 35 89 
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At decoding the values of transforms are reconstructed, the inverse DCT is 
performed for each block, and a reconstructed image is formed.  

Below the mean square error introduced in data by the procedure of 
compression/restoration is termed a compression error. 

  Processed images Diagrams 
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In the present work a dispersion method selecting of transforms was applied. The 
use of selecting method analogous to JPEG standard instead of dispersion method 
could additionally increase the speed of processing. Unfortunately, nobody considers 
such standards for N8. The authors consider a development of such standards as 
perspective direction of further investigations. 
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231Sparsified Gabor Wavelets Used as Local Line Detectors

bunch graph Gabor wavelet jet

bunch of  
  jets 

a: b: c:

1

2 3

4 56

7
8

9

10

Symmetry: 
[1:4],[2:3],[1:11]

11

Parallelism: 
[6:5],[7,9],[4,11]

Collinearity: 
[1,2],[1,3],[2,4],[3,4],
[6,7],[5,9],[10,11]

2

1

3

4

5

Closure:
[2,3],[1,2,4,5]

a) b)
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Abstract. A method for face recognition using profile images based on the 
scale-space filtering is presented in this paper. A grey-level image of profile is 
thresholded to produce a binary, black and white image, the black 
corresponding to face region. A pre-processing step then extracts the outline 
curve of the front portion of the silhouette that bounds the face image. From 
this curve, a set of twelve fiducial marks is automatically identified using scale-
space filtering with varying the scale parameter. A set of twenty-one feature 
characteristics is derived from these fiducial marks. After normalising the 
feature characteristics using two selected fiducial marks, the Euclidean distance 
measure is used for measuring the similarity of the feature vectors derived from 
the outline profiles. Experiments were performed on a total of 150 profiles of 
thirty persons. Experimental results are presented and discussed. Finally, 
recognition rates and conclusions are given. 

1. Introduction 

Since the early 1990's Face Recognition Technology (FRT) become an active 
research area. A general statement of the problem of face recognition can be 
formulated as follows: Given still or video images of a scene, identify one or more 
persons in the scene using a stored database of faces [2]. 

The solution of the problem involves segmentation of faces from cluttered 
scenes, extraction of features from face region, identification, and matching. 

Face recognition problems and techniques can be separated in two large groups: 
dynamic (video) and static ( no video ) matching. Dynamic matching is used when a 
video sequence is available. The video images tend to be of low quality, the 
background is very cluttered and often is more than one face present in the picture. 
However, since a video sequence is available, one could use motion as a strong cue 
for segmenting faces of moving persons.  

Static matching uses images with typically reasonably controlled illumination, 
background, resolution, and distance between camera ( or 3D scanner) and the person. 
Some of the images that arise in this group can be acquired from a video camera.  
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Machine recognition of faces has several applications, ranging from static 
matching of controlled photographs as in mug shots matching and credit card 
verification to surveillance video images. Mug shots matching is the most common 
application in static matching group. Typically, in mug shots photographs one frontal 
and one or more side views of a person's face are taken. Profile images provide a 
detailed structure of the face that is not seen in frontal images [7]. Face recognition 
from profiles concentrates on locating points of interest, called fiducial points. 
Recognition involves the determination of relationships among these fiducial points.  

In this work we try to develop simple and fast method for detecting these 
fiducial points. For that purpose we treat the outline of a profile like a function and we 
use scale-space filtering [1], [3] for detection of extrema in that function and its first 
few derivatives. The profile is first expanded by convolution with Gaussian masks 
over a continuum of sizes. From this “scale-space” image we determine scale 
parameters which are used for detection of specific fiducial points. A set of twenty-
one feature characteristics is derived from these fiducial marks. After normalising the 
feature characteristics using two selected fiducial marks, Euclidean distance measure 
was used for measuring the similarity of the feature vectors derived from the outline 
profiles [8]. Results of the proposed profile matching method in the presence of 
rotation, translation and size variance of profile faces are included in this paper.  

2. Scale-Space Filtering 

Scale-space filtering [1] is a method that describes signals qualitatively, in terms of 
extrema in the signal or its derivatives, in a manner that deals effectively with the 
problem of scale-precisely localising large-scale events, and effectively managing the 
ambiguity of descriptions at multiple scales, without introducing arbitrary thresholds 
or free parameters. The extrema in signal and its first few derivatives provide a useful 
general-purpose qualitative description for many kinds of signals. 

Descriptions that depend on scale can be computed in many ways. As a primitive 
scale-parameterisation, the Gaussian convolution is attractive for a number of its 
properties, amounting to “well-behavedness”: the Gaussian is symmetric and strictly 
decreasing about the mean, and therefore the weighting assigned to signal values 
decreases smoothly with distance. The Gaussian convolution behaves well near the 
limits of the scale parameter, , approaching the un-smoothed signal for small , and 
approaching the signal’s mean for large . The Gaussian is also readily differentiated 
and integrated. 
The Gaussian convolution of signal f(x) depends booth on x, the signal’s independent 
variable, and on , the gaussian’s standard deviation. The convolution is given by 
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where ”*” denotes convolution with respect to x. This function defines a surface on 
the (x, )-plane, where each profile of constant  is a Gaussian-smoothed version of 
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f(x), the amount of smoothing increasing with . (x, )-plane is called scale space, 
and the function, F, defined in (1), the scale-space image of f. 

 At any value of  the extrema in the nth derivative of the smoothed signal are 
given by the zero-crossings in the (n+1)th derivative. Although the scale-space 
filtering methods apply to zeros in any derivative, Witkin [1] restricted his attention to 
those in the second. These are extrema of slope, i.e. inflection points. In terms of the 
scale-space image, the inflections at all values of  are the points that satisfy 

Fxx= 0, Fxxx 0, (2) 

using subscript notation to indicate partial differentiation. 
 The contours of Fxx = 0 mark the appearance and motion of inflection points 

in the smoothed signal, and provide the raw material for a qualitative description over 
all scales, in terms of inflection points. Witkin applies two simplifying assumptions to 
these contours: (1) the identity assumption, that extrema observed at different scales, 
but lying on a common zero-contour in scale space, arise from a single underlying 
event, and (2) the localisation assumption, that the true location of an event giving 
rise to a zero-contour is the contour’s x location as   0. 

 Referring to Fig. 1, notice that the zero contours form arches, closed above, 
but open below. The localisation assumption is motivated by the observation that 
linear smoothing has two effects: qualitative simplification- the removal of fine-scale 
features- and spatial distortion- dislocation, broadening and flattening of the features 
that survive. The latter undesirable effect may be overcome, by tracking coarse 
extrema to their fine scale locations. Thus, a coarse scale may be used to identify 
extrema, and a fine scale, to localise them. Each zero-contour therefore reduces to an 
(x, ) pair, specifying its fine-scale location on the x-axis, and the coarsest scale at 
which the contour appears. 

 While coarse-to-fine tracking solves the problem of localising large-scale 
events, it does not solve the multi-scale integration problem. Witkin in [1] reduced the 
scale-space image to a simple tree, concisely but completely describing the qualitative 
structure of the signal over all scales of observation. In general, each undistinguished 
interval, observed in scale-space, is bounded on each side by the zero contours that 
define it, bounded above by the singular point at which it merges into an enclosing 
interval, and bounded below by the singular point at which it divides into sub-
intervals.  

3. Profile Face Analysis Using Scale-Space Filtering 

 The input in our face processing and analysis system is a gray-scale image of 
a scene containing the side view of a human face. The goal of our approach is to find 
a simple and fast method for recognition of profile faces. For that purpose we are 
using scale-space filtering and scale-space images of different faces for detecting the 
possible unique one or more parameters  for all faces (see Fig.1.). The Gaussian 
convolution of a signal f(x), which represents profile line, with this  parameter may 
be used to identify and localise extrema in f(x). These extrema represent interest 
points like a nose peak, nose bottom, mouth point, chin point etc. (see Fig.2.a). 
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x 

f (x) f
flattening 

 
zero-contours 

Fig. 1. Scale-space filtering of different profile face images (profile face images from 
University of Bern profile database1) 

        a) b) 
Fig. 2. a) The twelve fiducial points of interest for profile face recognition, b) Feature vector 
has twenty-one component; ten distances D1- D10 (normalised with /(D4 + D5)) and eleven 
profile arcs A1- A11(normalised with /(A5 + A6)) 

In first step the image was tresholded to produce a binary, black and white image, 
the black corresponding to the face region. A pre-processing step then extracts the 
outline curve of the front of the silhouette. Front silhouette line bounds the hair, face 


1 Copyright 1995 University of Bern, All Rights Reserved 
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and clothes of the person- this whole line we call the profile line. This profile line is 
converted from 2D picture into 1D signal f(x) which we call the profile vector; where 
x is a row index and f(x) is a column index of a pixel inside a profile line. For any row 
x without profile line we set f(x) = 0.   

 In the next step the profile vector f(x) is flattened using a Gaussian 
convolution F(x,L) of a profile with large parameter L; 

ff(x) = f(x) – F(x, L) (3) 

This step transforms all fiducial points in extrema and ensures better rotation 
invariance of the method (see Fig.1.).  

  

 

Fig. 3. Position of nose tip split the profile line in two regions. With different scale parameters 
A and B we detect all fiducial points. 

A 
 

B 
 

x x 

The one-dimensional profile vector is expanded into a two-dimensional scale-space 
image. Comparing scale-space images of different profile faces we detect two unique 
parameters  that gives extrema in desired fiducial points in all profile faces. After 
finding the fiducial points we can use the methods from similar papers [3],[4],[5] for 
describing profile faces using these points. From twelve fiducial points (see Fig.2.a; 
extrema points 1 to 9 and inflection points 10 to 12), we derive a simple set of twenty-
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one features. After normalising characteristics using two selected fiducial marks, 
Euclidean distance measure was used for measuring the similarity of the feature 
vectors derived from the outline profiles. A ranking of most similar faces is obtained 
by ordering the Euclidean distances. 

We use two scale-space parameters  - one for the profile region above the nose 
and one for the profile region below the nose. Two parameters are required because of 
different scales of facial features above and below of the nose tip. 

Position of the nose tip splits the profile line in two regions; A – region above the 
nose and B – region below the nose. For this two regions we use different parameters 
A and B for detection of other points of interest (see Fig.3.). In region A and in 
region B of different profile images we can find unique parameters A and B for 
computing Gaussian convolution of flatten profile line and detection of global 
extrema that belong to the fiducial points 1- 2 and 4 – 9. For the inflection points 10 – 
12 we can use the same A and zero-contours of the inflection points. 

Nose is an event that persists across large changes in scale. Next short algorithm is 
used for nose tip detection; 
1. Extract the profile line f(x) from input graylevel picture.   
2. Smooth the profile line using Gaussian convolution with small parameter s (eq. 

1.);  
F(x, s) = f(x) * g (x, s)    

3. Smooth the profile line using Gaussian convolution with large parameter L; 
F(x, L) = f(x) * g (x, L)    

4. Flatten the profile line; ff(x, s, L) = F(x, s) – F(x, L) 
5. Compute Gaussian convolution with N; FN(x, N, s, L) = ff(x, s, L) * g(x, N) 
6. Find extrema in FN(x, N, s, L). 
7. Using simple rule ((1 > 0) & (2 < 0) & (d1>d2)) for detection tip of nose we are 

find position of nose in all 150 pictures using only three unique parameters s, L 
and N (see Fig.4.);  

 

2 
1 

d1 d2 

Fig. 4. Nose tip detection 

The extreme in a smoothed and flattened profile that satisfy this rule belongs to the 
contour Fx = 0 of nose tip. Tracking the extreme by this contour we find position of 
nose tip. Coarse-to-fine tracking step is necessary because of large L and N. 

The above algorithm with different values of s, L and N is used for localising 
others fiducial points. Fiducial points are first two extrema above the nose tip and first 
six extrema below the nose tip and for this extrema we don’t use coarse-to-fine 
tracking. All fiducial points are shown in Fig. 2a. From these points we derive the 
feature vector for each profile face in database. Feature vector has twenty-one 
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component; ten distances D1- D10 (normalised with /(D4 + D5)) and eleven profile arcs 
A1- A11 (normalised with /(A5 + A6)) (see Fig. 2.b). D1- D10 are distances between the 
profile axis and fiducial points. Profile axis is straight line, which pass through 
fiducial points one and nine. 

4. Results and Discussion 

Using the two face regions A and B with appropriate parameters  we obtained the 
vector corresponding to each input profile face image. The dimensions of the profile 
vector depend on the number of fiducial points. In works based on different fiducial 
point extraction procedures [4], [5] authors use different numbers of fiducial points. 
From these fiducial marks they derived the sets of features. In [6] are defined 17 
fiducial points which appears to be the best combination for face recognition. Most 
methods use the minimum Euclidean distance between the unknown and the reference 
feature vector to determine the correct identification of a profile, and some use 
thresholding windows for population reduction during the search for the reference 
feature vector. In our work we use twelve fiducial points; this number is detrmined by 
the nature of the method. Additional points can possible improve recognition rate and 
can be obtained by changing the scale parameters s, L and N.  

Table 1. Scale parameters for detecting fiducial points 

Point s L
N

nose tip (point 3) 6 17 28
points 1, 2 and 10, 11, 12 1 12 12.3
points 4, 5, 6, 7, 8 and 9 1 8 9 

For training and testing set we used a profile face images Database University of 
Bern which contains profile views of the 30 people. For each person they took the 
five graylevel images with variations of the head position, the size and the contrast (1, 
2, 3 big profiles with high contrast, looks like binarized, and 4, 5 small profiles with 
normal gray levels). Pictures are with controlled uniform background and without 
background clutter. Size of these images is 342 x 512 pixels.  

Table 2. Feature vectors distance matrix (for the three persons) 

Person 1 Person 2 Person 3Euclidean 
distances a b c a b c a b c

a 0 0.16 0.53 0.56 0.61 0.62 1.08 0.99 0.98
b 0.16 0 0.48 0.63 0.68 0.66 1.05 0.96 0.94

Person 
1

c 0.53 0.48 0 0.84 0.95 0.85 0.66 0.56 0.54
a 0.56 0.63 0.84 0 0.17 0.25 1.29 1.24 1.25
b 0.61 0.68 0.95 0.17 0 0.29 1.41 1.37 1.37

Person 
2

c 0.62 0.67 0.85 0.25 0.29 0 1.33 1.27 1.28
a 1.08 1.05 0.66 1.29 1.41 1.33 0 0.17 0.25
b 0.99 0.96 0.56 1.24 1.37 1.27 0.17 0 0.17

Person 
3

c 0.98 0.93 0.54 1.25 1.37 1.27 0.25 0.17 0 
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Euclidean distances between feature vectors of nine profile pictures of three 
persons are shown in Table 2. We can see grouping of distances amount the three 
vectors that belongs to the same profile face. 

In recognition experiment we use four profile images for each of 30 people in 
training set. The fifth profile face image for each of 30 person we used in testing set. 
In the first step we extract ten most similar profiles using only components D 1 – D10.  
In the second step we used ten profiles from the first step and find the profile face 
with smallest Euclidean distance using component A 1– A11. The algorithm is 
successively recognised 27 out of 30 persons. Profile faces from three people were 
recognised incorrectly. Obtained recognition rate is 90%. 

5. Conclusion 

In this paper, a new approach for face recognition from profile images is proposed. 
The method is based on scale-space analysis of the profile, followed by the extraction 
of fiducial points on the profile. Scale-space analysis gives the scale parameters for 
the family of profile faces needed for detection fiducial points. Using only nine 
constant scale parameters (see Table 1.) we find fiducial points in all 150 profile 
images. From these fiducial points a set of feature vectors is created. A ranking of 
most similar faces was obtained by ordering the Euclidean distances. Method is 
simple and fast and has shown promising results. 
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NIIRS and Objective Image Quality Measures
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Abstract. The introduction of image distortion during compression is of
widespread concern, to the extent that the nature and size of the distortion may
influence the choice of codec. The ability to quantify the distortion for
particular applications is therefore highly desirable, particularly when options
for new compression standards (such as JPEG 2000) are being considered. We
report on the performance of several degradation measures that have been
evaluated on optical imagery having previously undergone compression by the
JPEG, wavelet and VQ codecs. The results show the relationship between the
subjective National Imagery Interpretability Rating Scale (NIIRS) and several
numerical image quality measures. An insight is provided into factors
influencing NIIRS evaluation.

Introduction

In recent years we have witnessed a continued growth in digital image processing applications.
As data volumes have increased, bandwidth and storage capacity have, in many cases, been
placed at a premium, and attention has shifted towards image compression. The suitability of a
particular type of compression algorithm is frequently application dependent. For example,
when consistency between the reconstructed and original image is paramount then a lossless
approach is usual. However, the reduction in data volume achieved by lossless techniques is
comparatively low (usually in the order of 2 to 1). Lossy techniques can achieve greater data
reduction by weakening constraints on reconstructed image fidelity. The manner in which the
information can be sacrificed has given rise to the multitude of algorithms occupying this
category.
  Lossless compression is assessed on the amount of data reduction achieved and on the
complexity and execution time of the algorithm. The assessment of lossy compression
algorithms is more difficult because information loss must be quantified in some way. Usually
numerical measures, such as Mean Squared Error (MSE) and Peak Signal to Noise Ratio
(PSNR), are used in conjunction with the resultant number of bits per pixel to produce the
familiar bit-rate distortion graphs. However, it has been reported that MSE and PSNR do not
correlate well with a subjective assessment of image quality. Recent studies of the human
visual system (HVS) have spawned various image quality measures[1] and compression
schemes[2][3] that model aspects of human perception. Even though a complete model of the
HVS is beyond current capability, simple HVS weightings have been included in scalar image
quality measures, and have reportedly improved correlation under subjective assessment.
  In the military domain, the adoption by NATO of the National Imagery Interpretability Rating
Scale (NIIRS) for the assessment of reconnaissance imagery has provoked interest. NIIRS has
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developed under the auspices of the Imagery Resolution Assessments and Reporting Standards
(IRARS) committee. It consists of integral levels ranging from 0-9. Higher values indicate a
capability to support higher and more detailed analysis. The assignment of NIIRS level is a
task-driven activity to detect, distinguish between, and identify specific imaged objects. If the
particular object does not appear in the image, the IA must imagine it to do so and assess the
image accordingly. The overhead associated with training Imagery Analysts (IAs) to be
proficient at NIIRS rating can be considerable. In response to this, and requests for less military
orientated criteria, IRARS issued the Civil NIIRS[4], together with agricultural, cultural and
natural definitions which were quantised to tenths of a rating based on statistical studies
amongst NIIRS rated IAs.
  In parallel with our research into image quality, the emerging JPEG 2000 compression
standard has provided a stimulus to assess the effects of current JPEG and future wavelet based
codecs on NIIRS. The current JPEG standard algorithm has been incorporated into many
existing military image file formats such as NITFS[5], STANAG 7023, STANAG
4545/NSIF[6], with JPEG 2000 already earmarked for inclusion in NITFS[7] on its issue. It is
within this context that our study is scoped.

This paper presents the results collected from experiments into the subjective and numerical
evaluation of digital imagery which has undergone lossy compression and decompression,
thereby incurring distortion. The intent is to identify numerical measures that might be used to
automatically and intelligently apply compression within imagery intelligence (IMINT)
systems to satisfy the NIIRS requirements of end-users on distributed intelligence networks.

Assessment Study

The study used digital versions of the calibration images associated with the Civil NIIRS Scale
(Figures 1-16). Each of the sixteen images was sampled onto 512*512, 8 bit pixels, and was
compressed separately using the JPEG[8], wavelet[9] and VQ[10] codecs. The compression
ratios were 2, 5, 10, 15, 20, 30, 40 and 50:1 for the JPEG and wavelet algorithms. Algorithmic
constraints led to VQ compression rates of 2, 4, 9, 16, 20, 30, 42 and 49:1. These provided a
sufficiently close correspondence with the JPEG and wavelet compression rates to facilitate
direct comparison.
  The scalar quality measures[11] assessed in this study are listed in Table 1. All of the
measures are bivariate, that is, they measure the differences between corresponding samples in
the original image, f , and the (reconstructed) compressed image, f . The study also evaluated
graphical image quality measures, such as histograms and Hosaka plots[12], against the results.
However, the dimensional inconsistency between the graphical measures and the NIIRS rating
did not facilitate correlation. Of particular note in Table 1 are the measures that incorporate a
degree of local correlation with adjacent samples and those which apply a recent and simplistic
HVS model into their calculations. They include the HVS versions of Normalised Absolute
Error (NAE,13), Normalised Mean Squared Error (NMSE,16), L2 (18,19,20).
   Following a numerical analysis of compressed imagery, a subjective assessment of the same
imagery was organised with the co-operation of active and NIIRS qualified Image Analysts
from military intelligence centers across England. Seven Image Analysts were asked to NIIRS
rate the suite of compressed imagery using the March 1996 release of the IRARS Civil NIIRS
Reference Guide. The images were systematically presented to the IAs in sequential order of
increasing original NIIRS level and of increasing compression. The assigned absolute NIIRS
ratings from each IA were recorded and used to form an average rating for each image at each
level of compression using each of the three compression algorithms.
During the NIIRS rating exercise, IAs consistently indicated that NIIRS calibration images 5a,
6a, 7a, 8b and 9a were unsuitable for NIIRS assessment in view of the spare features or unusual
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subject matter which made correspondence with NIIRS definitions difficult. These images were
pruned from the study to avoid unnecessary bias caused by inaccurate NIIRS scoring.
  With both objective and subjective assessment of imagery complete, the average NIIRS
ratings were evaluated for each image at each level of compression and correlated, using the
Pearson correlation coefficient, with the corresponding objective measures.

Results and Discussion

Graphical results obtained from the NIIRS assessment of imagery are shown in Figures 17 to
19 illustrating the degradation under JPEG, wavelet and VQ compression respectively. Figure
17 details the average NIIRS rating of JPEG compressed imagery over the considered interval
of compression. It is interesting to note the slight deviations from the ideal of the NIIRS ratings
at the compression ratio of 2:1 (which is nearly lossless). This is indicative of the inherent
inaccuracies of subjective analysis amongst a diverse analyst population. Most images show a
similar decline in NIIRS rating as the compression ratio increases, with the rate of degradation
increasing slightly at low bit rates. Image 9b shows an unusually steep decline at high
compression. During assessment, IAs remarked that this image was sparsely populated with
features and the field of view was narrow compared with aerial reconnaissance imagery which
they were more used to analysing. Both these properties made image 9b particularly difficult to
assess under high compression against a list of criteria in the NIIRS definitions which were not
present in the scene and presented difficulty in imagining them in the scene as NIIRS
recommends. Image 4b also presented some uncharacteristic behaviour by maintaining an
almost uniform level of average NIIRS rating across the spectrum of compression. Again, the
exemplar image depicts a scene consisting mainly of large regions of wooded areas with a
small farm building as the centre of focus for the IA. The large areas of uniform texture
retained their characteristics sufficiently under compression to subjectively reduce the NIIRS
degradation.
  Figure 18 represents the average NIIRS rating of imagery under wavelet compression. It is
interesting to observe the very close similarities between subjective assessment of JPEG and
wavelet compressed images. The patterns of NIIRS degradations show a steady trend
downwards and again images 4b and 9b show the effects of spare features in subjective image
assessment. It is of interest to note the slightly improved NIIRS assessment of images 8a, 7b
and 6b at low bit rates using wavelet compression than that obtained by JPEG.
  Figure 19 illustrates the degradation of NIIRS under vector quantisation compression. Again,
at first sight, the general pattern of decay in NIIRS reflects the overall pattern shown by JPEG
and wavelet compression. However, closer examination reveals that there is a faster decay in
images 8a, 7b and 6b between compression ratios of 4:1 to 50:1. It is thought that this decay is
brought about by the transition to smaller more detailed features in the high NIIRS example
imagery. The inherent blocking characteristics which appear at low compression in vector
quantised images quickly affect the fine structure of such features influencing the subjective
assessment. Unlike JPEG blocking artefacts, which remain at constant 8*8 pixel size,
regardless of compression ratio, VQ compression was realised by increasing the block size as
the compression increases and maintaining the same size of codebook. The boundaries between
blocks become discontinuous quickly as the compression ratio increases. The VQ NIIRS levels
also display significantly lower values at the most compressed level of 49:1 than those obtained
using JPEG and wavelets.
   Figure 20 depicts the average correlation of NIIRS ratings and numerical measures across all
images. It is apparent that the entire library of numerical measures used in this study were
better able to reflect the NIIRS degradation in wavelet and VQ compressed imagery than they
were with the JPEG compressed imagery. This is in part due to the ability of wavelet and VQ
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compression to encode the imagery to produce an optimally minimised MSE image on
reconstruction. The wavelet encoder produces embedded codefiles which ensure that recovered
bits minimise optimally the MSE of the reconstructed image when decoded. Since MSE has
been shown to provide a good correlation with NIIRS evaluation in this study, the use as a
controlling parameter in the wavelet codec has been shown to provide a higher degree of
correlation with the NIIRS assessment.
   In common with wavelet compression, VQ compression uses MSE to optimise the codebook
generation during compression. At each level of compression, the algorithm optimises a
codebook collection of model blocks using the Generalised Lloyd Algorithm (GLA) to
minimise the MSE of the reconstructed image.
  In considering the results presented in Figure 20, it would appear that the following numerical
image quality measures provide very good correlation with NIIRS ratings when applied to
JPEG and particularly to both VQ and wavelet compressed imagery.

Mean Square Error (1)
Image Fidelity (8)
PMSE (10)
Normalised MSE (14)

  The unexpectedly good performance of MSE with NIIRS degradation appears to negate much
of the criticism of its low correlation with subjective assessment. These results support recent
studies from academia[11] which found that the latter three of the above measures were
amongst the best metrics in their subjective/numerical image quality correlation project.
  During the subjective assessment of imagery by IAs, a number of points arose which are
deemed worthy or relating. When corresponding image features to NIIRS definitions, opinion
was expressed that UK analysts are more familiar with European terrain. The NIIRS level 2
criteria to identify road patterns, like clover leafs, on major highway systems, does not take
account of the typically larger scale of clover leafs in the US than those found in the UK and
Europe. Indeed many frequent image features such as house spacing (NIIRS level 3 criteria)
and car sizes (NIIRS level 6 criteria) vary considerably between the UK and the US. It was
suggested that such criteria might contain regional variations in future issues of the NIIRS
definitions.
  During the post assessment discussion, the IAs were asked for their preference of
compression. Their view was based on the blocking artefacts present from the JPEG and VQ
compression codecs at high compression and the blurring inherent in the wavelet compression
at high ratios. Five IAs indicated their first preference was for the JPEG algorithm with their
second preference for wavelets. Two IAs indicated they favoured the wavelet compression with
JPEG as their second choice. All IAs indicated VQ compression as their last preference. This is
supported by the average NIIRS ratings as depicted in Figures 17, 18 and 19 which indicate less
visual disortion using JPEG than wavelets except at low bit rates. The IAs expressed concern
about the appearance of localised artefacts when viewing highly compressed wavelet
compressed imagery and indicated that the artefacts could easily be misidentified as genuine
image features in reconnaissance imagery. The IAs also indicated that they could, to a limited
extent, look through the blocking, apparent in highly compressed JPEG imagery depending on
where the block boundary was placed relative to the image feature of interest. It was generally
recognised that interpreting compressed imagery would become easier with experience of the
artefact characteristics that a particular compression algorithm can produce.
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Conclusions

This paper has characterised the degradation of imagery under compression across the spectrum
of interpretable NIIRS levels. The influence of image-feature content within the imaged scene
and field of view at higher NIIRS levels on the accuracy of NIIRS rating has been
demonstrated. A number of scalar, image quality measures have been shown to provide
accurate correlation with the perceived subjective degradation of imagery. These measures may
offer the potential of automatic application of compression to satisfy end-user NIIRS
requirements. However, the value and robustness of HVS weighted scalar measures has not
been proven in this study.
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         Figure 1   NIIRS image 1               Figure 2   NIIRS image 2

              
          Figure 3   NIIRS image 3a             Figure 4   NIIRS image 3b

              
         Figure 5   NIIRS image 4a              Figure 6   NIIRS image 4b

              
         Figure 7   NIIRS image 5a              Figure 8   NIIRS image 5b
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   Figure 9   NIIRS image 6a            Figure 10   NIIRS image 6b

         
  Figure 11   NIIRS image 7a           Figure 12   NIIRS image 7b

         
  Figure 13   NIIRS image 8a             Figure 14   NIIRS image 8b

         
   Figure 15  NIIRS image 9a             Figure 16   NIIRS image 9b
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Table 1.    Scalar Image Quality Measures
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L2-norm O(f(i,j)) is defined in 3 ways: 1) O(f(i,j)) = f(i,j)   2) O(f(i,j)) = f(i,j)1/3    3) O(f(i,j)) =
H((u2+v2)1/2)f(i,j) where u and v are co-ordinates in the DCT transform domain,
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Abstract. Improvement of ”Seeded Region Growing” (SRG) segmentation
algorithm based on the pyramidal representation of image is described.
Segmentation starts from the proper coarse level of pyramid using seed points
chosen by the operator. Segmented contours are projected to the level below.
On each subsequent level, SRG algorithm is applied only to pixels inside the
window of variable size near the projected contour which leads to the linear
dependence of execution time on the image size. Implementation exploiting the
graphic user interface allows various forms of the interactive control of image
segmentation.

1  Introduction

Segmentation is one of the most challenging problems of digital image processing.
Methods based on the principles of watershed algorithm [1] where gradient image can
be viewed as a topography achieved the popularity during this decade. Boundaries of
segmented regions are determined by ridges which guaranties that the segmented
region contour will be always closed.

The similar principle was exploited  in ”Seeded Region Growing” algorithm (SRG)
[2]. The seed points value represents the initial value of each growing region. Regions
grow ”in parallel” and points where they touch each-other are labeled as boundary
points. The parallel grow of regions is simulated by the sequential algorithm with
some drawbacks like that the order of scanned pixels has influence on the final shape
of segmented boundary. These drawbacks were analyzed in [3] and ”Improved
Seeded Region Growing” (ISRG)  algorithm was proposed in which the results of
segmentation are independent on the  order of pixel evaluation. However, ISRG
doesn’t improve SRG from the point of view of execution time. Therefore, our goal
was mainly to improve the speed of segmentation. This attempt resulted in an
algorithm called ”Pyramidal Seeded Region Growing” (PSRG) which is the subject of
this contribution. It is based on the hierarchical (pyramidal) representation of image.

Pyramid is such a data structure where the original image represents the base of
pyramid (level 0) and each subsequent level lying above the base is the coarser
version of the previous one. The simplest form is pyramid 2x2, where each point with
coordinates (i,j) of level k is the average of corresponding 4 points from level k-1.
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       (1)
.

Top level is represented by single pixel (root). Fig. 1 shows selected levels of pyramid
of thermoelectrophoresis image magnified to their original size. Among many
algorithms exploiting pyramidal representation, the most valuable ones (from the
point of view of speed) are these allowing top-down flow, where the preliminary
computation is performed on upper (coarse) levels and results are progressively
improved ”downwards” the pyramid.

2  Pyramidal Seeded Region Growing Algorithm (PSRG)

Let DoSRG is original SRG algorithm applied to the image on level k of the pyramid.
Let SSL is sequentially sorted list of pixels ordered according to the similarity value

(x) = |g(x) – mean( Ai )|   . (2)

where g(x) is the gray level of the pixel x and A i  is i-th growing region connected
with pixel x. (See [2] for details).

L=0 L=4 L=5

Fig. 1.  Selected pyramid levels (L=0, 4, 5) of the thermoelectrophoresis image. Image on each
level L is proportionally enlarged to keep the size of displayed level constant.
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Our pyramidal version of algorithm (PSRG) can be described as follows:
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Pyramidal approach to SRG algorithm is based on the successive refinement of the
objects contours segmented on the coarser representation of the image. Only pixels in
the vicinity of contours segmented on the previous (coarser) level are evaluated.
Procedure DoSRG is applied just to this reduced set of pixels. This process is repeated
on each pyramid level until the full-resolution image is reached. Subroutine DoSRG is
either original SRG described above or the improved one (ISRG) published in [3].

The general problem of any pyramidal edge detection algorithm is the deformation
of  contour when performed on coarse level. Coarse-to-fine tracking is therefore
a kind of  operation “reverse”  to pyramid building when algorithm tries to find the
exact edge points positions near the contour predicted by the coarse level. The
question is how large this fine-search window should be.  In  some algorithms is this
size given by the type of pyramid (e.g. overlapped pyramid 4x4 in [4] ,[5] ).
Calculations in [6] showed that the contour deformation between two successive
levels  is within  2 pixels range assumed that each coarse level is blurred version of
the previous one using Gaussian filter with  = 1.

Non-overlapped pyramid 2x2 has been exploited in PSRG and the search area in
the vicinity of predicted contour is determined by the area consisting of pixels
unlabeled by an “unlabeling window”. Each pixel outside this area takes label from its
parent. There exists the built-in conflict in PSRG between the degree of image
smoothing (start level) and the precision of final detection. More coarse levels of
pyramid concentrate the global information. It depends on our requirements how
much we will force algorithm to respect their estimation.

It is desired to suppress unnecessary details of contour shape (along with the noise)
and then the size of unlabeling window w=4 pixels is sufficient (2 sons + 2 pixels
from both sides). On the other side, such limit leads to the poor detection of objects
with elongated parts (Fig. 2a) and therefore the variable unlabeling window size is
necessary (Fig. 2b). The criterion for the determination of unlabeling window size
should reflect the homogeneity of corresponding region. If this region is
inhomogeneous enough, border pixels can be projected correctly and unlabeling
window can remain small, otherwise its size is increased until the corresponding area
becomes inhomogeneous.

a) b)

Fig. 2. Effect of unlabeling window size on objects with elongated parts. a) constant size 4x4
b) algorithm controlled variable size. White spot inside the dark region is seed point
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3  Interactive Approach to Segmentation Using PSRG

A number of practical problems of image segmentation can be efficiently solved only
with the assistance of human operator. An interactive principle is included on all
versions of SRG algorithm, because the initial step is the manual enter of seeds. Our
goal was to allow some other forms of interactive pre-requisite, intermediate and post-
processing manipulation.

The most important step in the pre-processing phase is the selection of proper
initial level which can be supported as follows:
 operator can control the displayed level of pyramid using keyboard arrows,
 the cursor size is changed proportionally to the pixel size on current level,
 when operator moves cursor on some level, the information about the underlying

region homogeneity is shown continuously. This helps the operator to set the seed
position which represents homogeneous region with the prospect of growth.
Post-processing interactive correction can perform additional segmentation of area

which was detected as one object but evidently consists of more objects. Additional
seed points can refine the original segmentation. If the gradient between two objects
is too low then algorithm is very often unable to locate border according to operator’s
expectation. However, operator can permit post-segmentation growth of preferred
object. Ambiguous area can be interactively erased  and SRG is applied to the erased
area again. Seed points are kept unchanged, but similarity criterion is changed as
follows:

i(x)= ci |g(x) – mean( Ai )|   . (3)

 where ci is user supplied coefficient. Smaller weights should be used for objects
with preferred growth. The result of post-processing correction of segmented area is
shown in Fig. 3.

Fig. 3. Result of the region weight change in the post-processing phase
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4  Implementation

Programs were written using Borland C++ 5.02 exploiting Object Windows Library
for GUI control and Borland container classes library which allows simple
programming of data structures like SSL (Sequentially Sorted List).

Algorithms has not been optimized from the point of view of speed yet.
Optimization of operations with SSL (memory management) which consumes most of
operation time should substantially improve execution time in Table 1.

PSRG has been implemented in two versions  as a stand-alone Windows program
and as a plug-in module of free image processing program ImageTool  (developed at
the University of Texas, San Antonio, available from [7].

5  Discussion and Conclusions

This contribution deals with improvement of  ”Seeded region growing” algorithm
accomplished  by its pyramidal version with interactive control options.

 Pyramidal approach leads to O(log n) execution time as can be expected  in
algorithm based on hierarchical top-down principle. Table 1 compares execution time
starting from various levels of hierarchical image representation. It implies that the
execution time in PSRG depends linearly on image size and in the case of traditional
SRG (equal to PSRG starting from level 0) is this dependency quadratic.

However, this rule is true only for the relatively small number of objects. In fact,
execution time is proportional to the sum of perimeters of all contours detected on the
pyramid. For many small regions this time can be higher then in original SRG. This
limit is less substantial if  we take into account that SRG itself usually requires
manual enter of seed points which automatically limits its exploitation for images
containing many objects.

There are also another factors influencing PSRG speed.  Noise-free image allows
immediate processing of pixels near the growing region without the need to keep
them in the SSL. Short SSL list means efficient sorting, which is the most time
consuming part of algorithm. Reduced number of gray levels has the similar positive
effect to the SSL length.  Elongated objects (or its parts) requires larger unlabeling
window which has the negative influence to algorithm speed, too.

Fig. 4 shows the results of segmentation for 256 x 256 image from Table 1. The
same seed positions was used for all cases. Only the minor differences between
results achieved by PSRG and SRG algorithms are visible.

Proper attention has been paid to the selection of starting level. Very coarse
starting level leads to the destructive loss of details and finally to wrong
segmentation, unnecessary fine starting level decreases the efficiency of PSRG. The
general rule for the optimal selection of start level cannot be found because problem
is task-dependent and image-dependent. Some auxiliary information (e.g. Interest
measures in [4] ) can help us to make a decision  and we implemented them into the
interactive part of algorithm. Therefore, interactive supervision  is not only a question
of program ”look”, but represents the way to accomplish successful segmentation.
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SL=0 SL=1 SL=2

SL=3 SL=4 SL=5

Fig. 4. Results of segmentation for PSRG started on different SL (start level). If SL = 0, then
PSRG is reduced to original SRG algorithm without exploitation of pyramid.

SL = 0 SL = 1 SL = 2 SL = 3 SL = 4 SL = 5
256 x 256 12.5 1.5 1.0 0.52 0.45 0.32
512 x 512 184 16.9 5.6 4.6 2.6 0.86

Table 1. Dependence of the execution time on SL (start level). Time is given in [s], SL value
is equal to the number of hierarchy levels used in PSRG. SL=0 corresponds to traditional
SRG without exploitation of pyramidal image representation.
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If SRG represented the novel approach to segmentation, ISRG improved the
precision keeping the speed almost constant, PSRG presented here augments both
above mentioned methods and increases its speed. In addition, PSRG forces contours
to keep the approximate shape given by coarse level which can partly remove
unnecessary details (see low-gradient part of image on Fig. 4). If details are desired,
PSRG should start from less-smoothed level.

This work was supported by the grant # 2/5142/98 of Slovak Grant Agency VEGA.
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Abstract. A technique for a zoom lens camera is presented that enable to update
continuously camera intrinsic parameters while zooming. This is based on the fact
that the spatial angle subtended by the optical center and the same two 3-D points in
the standard camera coordinate system remains invariant for subsequent image frames
on which the two 3-D points are located. The new focal length value is obtained as
the solution of the quadratic equation we derive from the angular invariance. We give
an error estimate to show how the uncertainty in the localization of corresponding
points in the image frames may affect the accuracy of the updated value of the focal
length. We report the results of two experiments when sequences of magnified images
were taken by fixed and by rotating camera.

1. Introduction

Zoom lens cameras are widespread in surveillance, monitoring, tracking, robotic navigation
or video conferencing. A typical scenario for an active zooming camera is the following:
First, an area of special interest is located in the image plane. Second, the active camera
changes its focal length to increase image resolution for the area of particular interest.
Third, camera calibration update is done to carry out further investigations based on the
image. The active camera can be tilting (for monitoring, video conferencing or tracking
purposes) or mobile, mounted on a robot. In both cases the camera motions can be
restricted while changing the focal length without any loss of the general functionality.

The calibration of zoom lens cameras is important to obtain metric information from
images. Previous studies followed three major directions: 1) precise calibration for each
possible position of the focus and zoom range [1]; 2) calibration update of the camera
intrinsic parameters based on pre-calibration and tracking image points [2], [3]; 3) self-
calibration of a zoom lens camera [4], [5], [6], [7] based on constraints due to the rigidity
of the camera motion. The idea of self-calibration based on the invariance of the absolute
conic under rigid transformations was introduced in the pioneering work [8]. A detailed
guidance how to determine the principle point by zooming, calibration of lens distortion
and focal length as well as some practical aspects are given by Li et al. [1]. Pre-calibrated
zoom lens cameras are considered in [2] and [3] where it is noted that the change in focus
induces 3x3 affine transformation between the image planes. Consequently, camera
calibration is corrected by tracking 3 points while zooming. Several self-calibration
approaches are based on applying the rigidity constraint (Kruppa’s equations) to moving
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zoom lens cameras. Enciso et al. [6] perform the self-calibration of a stereo rig with
varying intrinsic parameters. It is based on establishing the epipolar geometry and solving
the Kruppa’s equations. Heyden et al. [7] prove that the self-calibration for a single moving
camera is possible when the aspect ratio is known and no skew is present. Pollefeys et al.
[5] use linear and non-linear approaches to obtain self-calibration based on absolute
quadric. All self-calibration methods rely on computationally extensive linear/non-linear
minimization procedures, which make camera parameters consistent with the rigidity of the
camera motion. Therefore they are of limited practical use for mobile robots that do not
have adequate resources on-board. In addition the self-calibration methods are highly
sensitive to noise, that leads to imprecision and inaccuracy.

An interesting attempt to cope with these difficulties is made by Sturm [4].
Interdependence of the internal parameters is introduced to reduce the number of
unknowns. The coordinates of the principle point are modeled as polynomial functions of
the scale factor. The camera is pre-calibrated by classical method [9] for several zoom
positions to obtain the order and the coefficients of the polynomial model. The number of
unknowns in the Kruppa’s equations is thus reduced to one.

In this paper we do not attempt to present theoretical considerations or new algorithm of
camera calibration, rather a practical technique to quickly update camera calibration while
zooming. We suppose that the camera is classically calibrated for the original (reference)
image frame with the minimum zoom value. Two experiments were conducted with the
camera fixed to a tripod while zooming: 1) the camera did not move; 2) the camera
performed mostly rotation.

We assume that the optical center of the camera stays at the same position between the
two image frames while zooming. Strictly speaking, the camera center moves for a real
camera. However, the motion of the center is negligible compared to the distance to object
points. Therefore the spatial angle subtended by the optical center and the same two 3-D
points in the camera coordinate system remains invariant for both image frames. This
angular invariance is used to update the new focal length by tracking a pair of points in the
image frames. The camera is modeled as a pinhole with four unknown internal parameters.
Lens distortions must be removed before the focal length update is performed. We suppose
that zooming changes only camera focal length while leaving the principle point fixed, i.e.
the camera center moves along the optical axis.

The paper is organized as follows. The problem is posed in section 2. Its mathematical
description is given in section 2.1. The effect of inaccurate localization of the
corresponding points is investigated in section 2.2. The analysis of the experiments is
presented in section 3. Concluding remarks are made in Section 4.

2. The focal length update

We consider a firmly mounted pinhole camera equipped with a zoom lens. The camera
performs sequential image acquisition. Let us consider two subsequent image frames N and
N+1. We make the following assumptions concerning the camera and the images:
1 The optical center of the camera does not move between the frames N and N+1.
2 The camera may perform rotation between the frames N and N+1. There should be
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enough overlap between the frames to establish reliable point correspondences.
3 Optical distortions are removed from both images. The camera internal parameters are

known for the image frame N.
These conditions allow us to derive an equation that describes the variation of the focal
length between the image frames N and N+1.

2.1. Writing equations

We work in the coordinate system attached to the camera (standard coordinate system).
The perspective projection matrix P is modeled by four internal parameters [3]:

100
0

0

0

0

v
u

v

u




P                                                          (1)

where u0, v0 are the coordinates of the principle point and u, v are the image scaling
factors for rows and columns, respectively. Let 00 ,,, vuvu be the known internal
parameters for the image frame N. Noting that u and v are linear functions of the focal
length, the parameters 00 ,,, vuvu   of the frame N+1 are defined as:

0000 ,,,}´{ vvuuff vvuu                            (2)
The focal lengths f, f´ correspond to the frames N, N+1, respectively, and  is the unknown
variable. The equation of the optical ray C,a defined by the pixel a and the camera
optical center C is expressed as:

aA ~1 P                                                                (3)
where a~  = [a1,a2,1] is the homogeneous coordinate vector of the pixel  a, 3-D vector A
defines a point on the optical ray C,a and  - varies between - and +.

B

A

C

a

b

b 1

a 1

Frame 1

Frame 2

Figure 1. The geometry of the two consecutive images for the camera with zoom lens.

Let us consider the geometry of the two consecutive image frames (Fig.1). We select
two 3-D points A and B in the scene and their images a, a1 and b, b1 on the image frames N
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and N+1, respectively. The angle defined by the optical rays <a,C> and <b,C> and the
angle defined by the corresponding pixels <a1,C> and <b1,C> are physically the same
angle expressed as:

BA
AB

cos                                                                   (4)

where AB is the scalar product of the 3-D vectors A and B. Combining (3) and (4) for the
frames N and N+1 we can write:
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where: 11 ~
,

~
,~,~ bbaa  are the homogeneous coordinates of the image pixels a, a1, b and b1,

and P1 and P2 are the perspective projection matrices for the frames N and N+1 expressed
in (1). Let M be the value of the left-hand side of (5) that does not contain the unknown
variable. The expansion of (5) using expression (1) and (2) for matrices P1 and P2 yields:
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From this we obtain a quadratic equation for the unknown 1=
2:
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                    (6)

By construction the above equation must have a real positive root. Summarizing, we have
obtained the following procedure to update calibration for the camera while zooming:

1. Compute correspondences for a pair of selected points in the two image frames N
and N+1 taken by the camera with modified focal length.

2. Write down equation (6) for the pair of corresponding points.
3. Solve (6) for the real positive root and update the scaling factors u, .

2.2. Error propagation

In this section we investigate how sensitive the solution of equation (6) is to possible errors
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in the localization of corresponding points. In other words the question we ask is this:
assuming an error is made when establishing a correspondence in the frame N+1 for the
pair of points in the frame N, how does it affect the value of , which is the solution of the
equation (6)?

We assume that both corresponding points on the frame N+1 are shifted from their true
position due to poor localization. Let d be the maximum shift error for the coordinates of
the points a’,b’. Rewriting the coefficients in (6) as the functions of d we obtain:

21
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22
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0  )1(







M(d)f
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(d)f(d)fM

                                              (7)

The , 1, 2 are the following functions of d:
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We introduce a value S to denote the generalized size of the CCD matrix in pixels. Without
loss of generality we can select a pair of 3-D points in such a way that the distance between
the image points a and b in the frame N (a1 and b1 in the frame N+1) is of the order of 1/2S.
Hence we assume:
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We obtain the following assessments for the derivatives of the , 1 and 2 at d=0:
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Using first order Taylor expansion in the small variable d, the above approximations (8)
and considering M~1/2, we obtain the following assessments for the functions f1 and f2:

;2         ;5
40222011
Sk

dff
Sk

dff dd 


Similarly, for the discriminant D of the equation (7) we obtain: 
Sk

dDD d 40
4




The first order Taylor expansion in the small d for , which is the solution of (7), gives:

kS
d 4

0 
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It follows that the error d=n (pixels) in localizing the corresponding point induces the
distortion for : ~4n/kS. Assuming for instance that d ~ S/400 (1-2 pixels), k~1/2 and the

0~1 the expected variation for  is equal to: ~2/100~ 2%.
The assessment above is the possible error of one step. If the calibration update is

performed N times in the sequence, the expected cumulative error is Sqrt(N) times larger. It
is valid under assumption that errors made in each step are independent and identical, i.e.
they can be treated as independent probability variables. Summarizing we conclude that the
coefficient  that updates the value of the focal length is reasonably stable with respect to
poor localization of the corresponding points within pixels.

3. Experimental results

In our experiment we used a firmly fixed CCD camera that has 680x480 pixels resolution.
The camera was equipped with the manually adjustable zoom lens. The focal length of the
lens could be optionally changed within the range 4.5~10mm, which corresponds to the
~25-45 variation in the camera viewing angle. We used a correction matrix to remove
optical distortions from the images before the calibration update. We computed the
correction matrix with the help of commercially available software package [11] that
adjusts distortion parameters to be consistent with arbitrary u0, v0, u and v. Two sequences
of 19 images were similarly acquired in the two experiments. The camera did not move
during the first sequence and rotated (the optical center was not on the axis of rotation)
during the second sequence. The first image frames in both sequences (acquired with the
minimal focal length) were used as the reference frames. We applied angular calibration
approach [12] to obtain the camera internal parameters for the reference frame. Images
with the numbers 2-11 were acquired with gradually increasing focal length. Images with
the numbers 12-19 were acquired with the gradually decreasing focal length back to its
minimum. Accordingly, the focal length of the last 19 th frame eventually coincides with the
focal length of the first reference frame. Three distinctive pairs of manually selected points
with the pixel accuracy were tracked to update the camera internal calibration. The results
of the final focal length update presented in the tables are the average of the three
independent calculations applied for the three point pairs. Two different calibration updates
were carried out on the basis of each sequence:
1. The focal length for each image frame was updated on the basis of the reference frame 1
by tracking the same pair of points. The results are presented in the columns “independent”
of tables 1,2. The last 18th updating coefficients are eventually 1, which is in a good
agreement with the data: the first and the last image frames were acquired with practically
identical camera calibration. The coefficient 1.042488205 (table 2) varies more from 1.
This is due to the fact that the actual values of the spatial angles were a bit distorted
because of the motion of the optical center during rotation.
2. The focal length for each image frame was updated sequentially, i.e. on the basis of the
previous image frame. The results based on tracking the same pairs of points are shown in
the column “Sequential:1” of table 1. Different point pairs were used for the similar update
shown in the column “Sequential:2” of table 2. Obviously, by construction of the
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experiment, the following equivalence between “independent” update coefficient i
ind  for

the frame i, and the respective “sequential” update coefficient i
seq must hold:

i
seqseqseq

i
ind  ...21                                                 (9)

The results of the recalculations based on (9) are shown in the columns “Accumulated:1”
(for the same point pairs) and “Accumulated:2” (for the different point pairs) of tables 1,2.
One can see almost perfect correspondence comparing respective frame numbers for the
columns “Independent” and “Accumulated:1” in both tables. The difference between the
values in the column “Accumulated:2 “ and the correspondent values in the column
“Independent” is most significant for the frames with bigger magnification. This may be
explained by the fact that bigger spatial angles were used while tracking different point
pairs in the sequence. These angles were distorted much more due to the camera rotation
when compared to the smaller spatial angles used while tracking the same point pairs in the
image sequence. The small overlap (about 25%) between the first and the last image frames
in the sequence did not allow us to choose another point pairs. It must be noted that there is
no accumulated error for the 17th and 18th coefficients in the column “Accumulated:2”,
whose values virtually coincide with the respective coefficients in the column
“Independent” (table 2).

Frames
N->N+1

:
Independent

:
Accumulated:1

Frames
N->N+1

:
Sequential:1

1->2 1.049890601 1.049890601 1->2 1.049890601

1->3 1.097537652 1.097557901 2->3 1.045402159
1->4 1.135482723 1.135504318 3->4 1.034573499
1->5 1.207894076 1.207922163 4->5 1.063775931
1->6 1.278697066 1.278721380 5->6 1.058612400
1->7 1.403922381 1.403937068 6->7 1.097922573
1->8 1.538290268 1.538299311 7->8 1.095703893
1->9 1.682791704 1.682793591 8->9 1.093931187

1->10 1.824675178 1.824632956 9->10 1.084288035
1->11 1.880829435 1.880754496 10->11 1.030757715
1->12 1.659055838 1.659060637 11->12 .8821250410
1->13 1.490284159 1.490352203 12->13 .8983108694
1->14 1.380356705 1.380407216 13->14 .9262288558
1->15 1.317993310 1.318039562 14->15 .9548193801
1->16 1.239971917 1.240075530 15->16 .9408484888
1->17 1.158752376 1.158856006 16->17 .9345043729
1->18 1.079144661 1.079240295 17->18 .9312980125
1->19 1.000661276 1.000755912 18->19 .9272781204

Table 1. Results of the focal length update acquired by the still camera while zooming. The same
point pairs were tracked in the image sequence to compute the new calibration.
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Frames
N->N+1

:
Independent

:
Accumulated:1

:
Accumulated:2

Frames
N->N+1

:
Sequential:2

1->2 1.070402008 1.070402008 1.075321241 1->2 1.075321241

1->3 1.116654620 1.116655490 1.115047313 2->3 1.036943446

1->4 1.164474737 1.164473855 1.170720176 3->4 1.049928700
1->5 1.236684749 1.236689917 1.250940626 4->5 1.068522309
1->6 1.310590102 1.310579969 1.321264655 5->6 1.056216920
1->7 1.402384615 1.402360640 1.424322492 6->7 1.077999390
1->8 1.448220039 1.448112147 1.482660128 7->8 1.040958165
1->9 1.539923256 1.539776686 1.584254909 8->9 1.068521962
1->10 1.658449511 1.656176613 1.732064637 9->10 1.093299208
1->11 2.046914720 2.046781367 2.184242151 10->11 1.261062725
1->12 1.691119884 1.671162877 1.771565001 11->12 .8110662092
1->13 1.504400948 1.504561014 1.587320114 12->13 .8959987997
1->14 1.397044734 1.397247668 1.468390930 13->14 .9250754885
1->15 1.285414584 1.285670698 1.358834963 14->15 .9253904630
1->16 1.217636632 1.217937349 1.279259685 15->16 .9414385997
1->17 1.180938083 1.181194907 1.188534749 16->17 .9290801255
1->18 1.074897834 1.075137297 1.079197686 17->18 .9080068440
1->19 1.042488205 1.042934536 1.044412084 18->19 .9677671638

Table 2. Results of the focal length update acquired by the rotating camera while zooming. The same
point pairs with relatively small spatial angles (overlap problem) were used in the columns
“Independent” and “Accumulated:1”. Different point pairs with the spatial angle about half viewing
angle of the camera were used in the columns “Sequential:2” and “Accumulated:2”.

4. Conclusion

We have presented an efficient approach how to update the value of the focal length for a
zoom lens. The method is based on the spatial angular invariance for a particular pair of the
image points traced in the subsequent image frames. The positive root of the quadratic
equation gives the updating coefficient for the new focal length value. The method
substantially relies on tracking the corresponding points in the image frames. It is shown
that the method is stable with respect to a possible poor localization of the corresponding
points.

There are several advantages of the angle-based focal length update approach. Firstly, it
gives simple quadratic equation that is easy to solve compared to the computationally
extensive minimization procedures used by the self-calibration methods. Second, limited
number of point correspondences that is necessary for calibration update can be reliably
established for subsequent image frames. The condition that restricts camera translation
between two subsequent image frames while zooming is provided in many applications.
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The drawback of the method is the assumption that the principle point of the camera
remains fixed while zooming. In fact, zooming can shift the principle point by tens of
pixels depending on the lens technology used in the camera [13]. Evidently, by keeping the
principle point fixed we might produce a bias in the camera calibration. It is the subject for
future research to include in our calibration update the effect of varying principle point.
Our experiments have shown highly stable performance for the sequential recalculations of
the focal length. No accumulated error is detected over the sequence of 19 image frames
for the rotating camera when different point pairs were used for calibration update. Despite
we used manually selected pairs of correspondent points, we are confident that automatic
correspondence searching procedure will provide reliable update of the focal length.
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ab s tract .  We propose a simple algorithm to determine face parts
extraction window in face image. We utilize bilateral symmetries between
and within face parts.  We also use knowledge about size and locationship of
face parts. First, we examine bilateral symmetries around vertical
orientation edge, then obtain symmetry measures.  The symmetry measures
are projected onto y-axis to produce histogram of the measures.  We estimate
height of face parts regions by frequency of the h istogram. Face parts
region, which contains maximum frequency of the histogram, becomes a
candidate of face parts region that includes eyes and eyebrows. Secondly,  the
measures that exist within the height of the face parts region are projected
onto x-axis to estimate width of face parts region. We determine face parts
extraction windows by the estimated height and width.  Finally,  we detect
irises in the candidate of face parts region that includes eyes and eyebrows,
using circular mask.

1  Introduction

Face image processing is recently used for personal identification, facial expression
detection, drowsiness detection and so on[1, 2, 3]. The important face parts such as
eyebrows, eyes, nose and mouth are used to express facial feature. Active contour model,
deformable template model, local smoothness of image density, color information of
image and knowledge about shape and locationship of face parts are used to detect face
parts[4, 5, 6, 7]. Reisfeld describes symmetry transform to find facial feature points[8].

When application of face image recognition is limited to the specific purpose, in the
case which one face is always clearly obtained, algorithm for extracting face parts
becomes extremely simple by using symmetry. We focus bilateral symmetries between
and within face parts. It is possible to determine face parts extraction windows by
utilizing bilateral symmetry of face parts. It is also possible to estimate horizontal
positions of irises by bilateral symmetry between face parts in the face parts extraction
windows.

We detect symmetry measure on face parts using bilateral symmetry of gradient
directions. We determine width and height of face parts extraction windows from
histogram of symmetry measures, and detect irises in the window.
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2  Symmetry detection

2.1   Edges for symmetry detection

We define 8-kinds of gradient direction as shown in Fig. 1 to detect bilateral symmetry.
In order to examine bilateral symmetry of shape of the object by gradient direction, we use
some of a pair of horizontal and vertical orientation edges represented in Fig. 1.

horizontal edge :
 

vertical edge :
 

oblique edge : 





Fig. 1.  Direction and combination of edge

2.2  Symmetry measure

Bilateral symmetry around gradient direction at each point of interest is detected, and
symmetry measure is obtained as described below (see Fig. 2). We examine direction of
gradient at the same distance from point of interest. If both directions of gradient at the
same distance from point of interest have bilateral symmetry each other, symmetry
measure at this point is incremented.

Horizontal and vertical directions of gradient are encompassed in g(x,y), and bilateral
symmetries around horizontal and vertical directions of gradient are separately evaluated
in bm(x,y).

Distance from point of interest is horizontally extended until it approaches to the side
of the image.

Point of interest horizontally moves
from left side to right side of the image.

This procedure in each line described
above is repeated from top to bottom line of
the image.

point of interest

gradient
direction

gradient
direction






row in image





bm x y

g x i y g x i y

otherwise
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i P x y
x i m i

increment
( , )

. )

,
( , ) :
( , ) :

:
[ , ],

( . )









 


1 0

0

1 0  )

     

( - , ) = ( + ,

                
   
       bilateral symmetry measure at ( , )
          direction of gradient at ( , )
                   horizontal distance from ( , )
        

i 1, maximum distance from P(x,y

      width of image
                  height of image

m
y n n

:
[ , ], : 1

  Fig. 2.  Symmetry detection

2.2.1 Projection onto x-ax is
We obtain histogram of symmetry measure SM(x) by projecting symmetry measure
bm(x,y) onto x-axis. We estimate width of face parts region from frequency of histogram
SM(x), and we find midline of face from a peak of the frequency of histogram SM(x).
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SM x bm x j

where
SM x bm x y
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 ( ) projection of ( , ) onto x - axis
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SM y bm i y
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SM y bm x y
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( ) = ( , )

   
 ( ) projection of ( , ) onto y - axis

=1


,
:

2.2.2 Projection onto y-ax is
We obtain histogram of symmetry measure SM(y) by projecting symmetry measure
bm(x,y) onto y-axis. By projecting symmetry measure bm(x,y) around vertical
orientation edge onto y-axis, we can estimate height of face parts region from the
frequency of histogram SM(y).

Peak of the frequency of the histogram also gives the height of eyes or eyebrows
position.

3 Face parts extraction window

3.1 Extraction of effective edge

We obtain edge image by applying edge detection operator to face image(see Fig. 3 and
4). We think that low strength edge does not contain useful information about face parts,
therefore we extract effective edge from edge image using discriminant analysis for
thresholding(see Fig. 5).

We use template type Robinson operator[9, 10] to detect edge strength and direction.

  Fig. 3.  Original image        Fig. 4.  Edge image       Fig. 5.  Effective edge image
 (320x240 pixel, 8bit gray level)

3.2 Midline of face

We examine bilateral symmetry around horizontal orientation edge on effective edge
image. Map of symmetry measure bm(x,y) is represented in Fig. 6-a). Projecting
symmetry measures onto x-axis produces  histogram of symmetry measure SM(x). We
find midline of face from a peak of the frequency of the histogram.

If face image is captured in plain background, we can estimate width of face from the
frequency of the histogram.
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a) Map of bilateral symmetry measure
bm(x,y) around horizontal orientation edge
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b) Histogram of symmetry measure SM(x)

Fig. 6.  Symmetry measure around horizontal edge

3.3 Height of face parts region

We utilize bilateral symmetry between and within face parts, in order to estimate height
of face parts region.

We examine bilateral symmetry around vertical orientation edges on effective edge
image. Map of symmetry measure bm(x,y) is represented in Fig. 7-a). Projecting the
symmetry measures onto y-axis produces histogram of symmetry measure SM(y).

We estimate height of face parts region using this histogram. We also estimate a face
parts region that includes eyes and eyebrows from a peak of the frequency of the
histogram. Intersection of midline of face and height of the peak of the histogram around
vertical orientation edge nearly represents the center of the face.

a) Map of bilateral symmetry measure
bm(x,y) around vertical orientation edge Frequency
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b) Histogram of symmetry measure SM(y)

Fig. 7 .  Symmetry measure around vertical edge

In order to estimate height of face parts region, we roughly observe the histogram the
same as we observe an image by low graduation level and low resolution.
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3.3.1 Removing useless symmetry measure
In order to remove useless symmetry measure in the histogram, we requantize the
frequency of the histogram at each class in 7-bit depth. This operation is effective to
remove the frequency less than 1 % of maximum frequency as useless symmetry
measure( see Fig. 8-a)).

3.3.2 Observing image height by low resolution
In order to roughly observe the height of face parts region, we observe height of image by
low resolution. We subdivide the image height into every 8 lines for this purpose. If
useful symmetry measure is included in the subdivided section, the subdivided section
becomes useful class to determine height of face parts region. We finally obtain the
number of three candidates face parts region around height(see Fig. 8-b)).
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a) Requantizing SM(y) with 7 bit depth

Horizontal position
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200
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b) Height of face parts by rough observation

Fig. 8 .  Height of face parts region

3.4 Width of face parts region

We produce another histogram by projecting the symmetry measures that exist within
each height of the candidate of face parts region onto x-axis(see Fig. 9-a)~c)).

We estimate width of face parts region by the frequency of the histogram. We examine
the frequency of the histogram from left side and from right side to the center to determine
width of face parts region. We find a position at which the frequency of the histogram
exceeds the value of the useless symmetry decided in 3. 3. 1, respectively. A distance
between the positions determines width of the face parts region. Therefore, block-1 does
not correspond to face parts region(see Fig. 9-a)).

Remarkable multimodal histogram appears in the face parts region that includes eyes
and eyebrows, because these face parts have bilateral symmetry between and within
them(see Fig. 9-b)).
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Fig. 9.  Histogram of the symmetry measure in each face parts region

3.5 Face parts extraction window

We estimate height of face parts region by projecting symmetry measures along vertical
orientation edge onto y-axis.

The symmetry measures along vertical
orientation edges that exist inside of the
height of face parts region are projected
onto x-axis to estimate width of face parts
region.

Intersection regions of estimated height
and width become candidates of face parts
extraction window (see Fig. 10).

Fig. 1 0.  Face parts extraction windows

4  Iris detection

4.1 Estimation of iris diameter

By projecting the symmetry measures onto x-axis, we can make sure of remarkable
multimodal histogram of face parts region that includes eyes and eyebrows (see Fig. 9-
b)). Left and right side peaks arise from bilateral symmetry within face parts, whereas
middle of the peaks arises from bilateral symmetry between face parts. Left and right side
peaks also give the midline of each face parts individually. We think that the distance
between left and right side peaks corresponds to width between eyes.

We show typical size around iris as follows. Iris has a diameter of 12 mm, and width
between center of irises is 63 mm  7 mm for adult men or 61 mm  6 mm for adult
women.
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We determine diameters for detecting iris as follows.
We prepare some of one-pixel thickness concentric circle masks to detect boundary of

iris.
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D d d
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4.2 Search area for iris detection

Strength of edges that correspond to effective edge on the mask in search area is
accumulated to detect boundary of iris. We detect best-matched iris diameter and iris
position on the condition that cumulative strength of edges becomes largest.

The mask for detecting right iris moves inside of the candidate of face parts extraction
window, which includes eyes and eyebrows. The search area is approximated by the
estimated right iris position derived from the symmetry histogram represented in Fig.
9-b), and searched width is determined by estimated iris diameter(see Fig. 11).

Fig. 1 1.  Search area for right iris detection Fig. 1 2.  Search area for left iris detection

Left iris is detected by the same procedure that right iris has been detected. We use
knowledge about symmetry between face parts to detect left iris. By the symmetry
between face parts, left iris may be detected same distance from midline. We limit the
search area for detecting left iris in upward and downward equivalent to 0.75 of right iris
diameter, and in leftward and rightward equivalent to right iris diameter(see Fig. 12).
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4.3 Iris detection result

Iris detection results are represented in Fig. 13-a)~d) with face parts extraction window and
search area for iris detection.

In Fig. 13-a), irises have been detected as 17 pixel across in diameter, and distance
between the center of irises has been detected as 86 pixel length. Detected centers of iris
positions are indicated by cross hair. Right iris has been detected at the position (116,
114), and left iris has been detected at (202, 116).

a) b) c) d)

Fig. 1 3.  Face parts extraction windows and detected irises

Table 1 .  Iris detection results

d(right) d(left) D D/d

(a) 17 17 86 5.1
(b) 13 11 62 5.2
(c) 13 13 65 5.0
(d) 9 11 57 5.7

Table 1 shows detected iris diameters;
d(right), d(left), width between irises; D and
ratio of D by d; D/d. In Table 1, D/d
indicates in the range of 5.0 to 5.7. We
think that if D/d is within the range of 4.6
to 6.0, detection has been successfully
done.

5  Concluding remarks

1) Midline of face and width of face are detected using bilateral symmetry around
horizontal orientation edge.

2) Peak of a frequency of histogram of symmetry measure around vertical orientation
edge gives height of eyes or eyebrows position.

3) Intersection of midline of face and height of  a peak of histogram of symmetry
measures around vertical orientation edges nearly represents center of face.

4) Height of face parts region is estimated from histogram that is produced by
projecting symmetry measures along vertical orientation edges onto y-axis. Width of face
parts region is estimated from another histogram that is produced by projecting the
symmetry measures around vertical orientation edges, which exist within each height,
onto x-axis. Face parts extraction windows are determined by the height and the width.

5) Irises are detected from a candidate of face parts extraction window, which includes
eyes and eyebrows. In order to detect iris inside of an extraction window, diameter of irises
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is estimated from distance between peak positions of multimodal histogram of symmetry
measure.

6) Irises as important face parts are detected. Position of irises, diameter of iris and
distance between irises give useful information to detect another face parts such as
eyebrows, upper eyelids, mouth and so on.
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Abstract. An attempt is made to develop a parallel-sequential method for
feature grouping with special applications to gray value segmentation, grouping
of contour points, and dot pattern clustering. These problems are closely
connected with other preprocessing tasks such as edge preserving smoothing
and edge detection which are also dealt with. The method is based on a special
graph structure called Feature Similarity Graph which is defined via an adaptive
feature similarity criterion and (Voronoi) neighborhood relations between the
features. A recursive edge preserving method of feature averaging which is
based on the similarity criterion is presented. Via the averaging procedure non-
local processing is implemented which is necessary for efficient noise
reduction. Network structures which are similar to the Cellular Neural
Networks (CNN) can be used efficiently for implementing the nonlinear
algorithm. One  processing element or neuron is assigned to each feature and
(Voronoi) neighbored features are connected with adaptive weights depending
on feature similarity. It is demonstrated with few examples that the same
grouping principles can be used for different tasks of segmentation and
clustering.

1   Introduction

Feature grouping and segmentation techniques are an essential part of image
preprocessing, and there is a vast amount of methods and algorithms in that field. In
the human visual system these tasks are solved pre-attentively [1] using massively
parallel neural processing structures. Therefore, it seems to be justified to look for
artificial neural algorithms and structures for solving image preprocessing problems.

Here, an attempt is made to develop a parallel-sequential method for feature
grouping with special applications to gray value segmentation, grouping of contour
points, and dot pattern clustering. These problems are closely connected with other
preprocessing tasks such as edge preserving smoothing and edge detection which are
also dealt with.

In older attempts of the author [2–5, 17] problems of feature grouping have been
dealt with using networks with special graph structures. To use graphs for the
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description of segments or clusters seems to be adequate because segments with a
complicated (fuzzy) structure can be described efficiently. Especially, this is shown
by the comprehensive work on irregular, stochastic and adaptive pyramids [6-9].
Because of  its usefulness the graph structure is maintained in the approach presented
here.

It turned out [5] that network structures which are similar to the Cellular Neural
Networks (CNN) [10 – 11] can be used efficiently for dot pattern clustering. Because
the problems of gray value segmentation and dot pattern clustering as special feature
grouping problems are closely related an attempt was made [12] to apply CNN
structures also for smoothing and segmentation of (gray value) images.

Here, the problem will be generalized. Gray values and dot coordinates (and other
features, e.g. edge element directions, texel orientations and shape descriptors) are
special cases of general features which have to be grouped to useful clusters or
segments. Useful means here that the clustering results should be in accordance with
that what we see because of the lack of general criteria human visual interpretation is
used in many cases for assessing image processing results. Moreover, principles of
human vision and perception can also give orientations for the development of image
processing algorithms and therefore some results of perception research will be used
here.

In section 2 the general approach is described. The special cases of gray value
segmentation, border point grouping, and dot pattern clustering are dealt with and
results are given in sections 3, 4 and 5, respectively. In the conclusions an outlook to
necessary future developments is given.

2   Grouping of Features

Let’s consider M points Pk = (xk,yk) (k=1,...,M). These points can be the pixel
positions (i,j) (i,j=1,...,N) in case of gray value segmentation (then M = N2),  the
positions of dots in case of dot pattern clustering or the positions of other already
extracted image elements (e.g. directions of segment border points). The points P k

define the nodes  k (or vertices) of a graph. The nodes can be connected by graph
edges (or branches). In order to reduce the connectivity of the graph (and the neural
network) a neighborhood N(k) of each point Pk is introduced.  Pk now can only be
connected with its neighbors . To achieve a minimal but sufficient connectivity the
Voronoi neighborhood [13] NV(k) can be used. This guarantees also the planarity of
the graph. In case of pixels (i,j) in a square grid NV(i,j) is the 4-neighborhood. For
randomly distributed points the Voronoi neighborhood generalizes the 4-
neighborhood and can be considered as a “natural” neighborhood. In case of segment
border points which have at most two neighbors the 8-neighborhood is used.

Now a feature vector fk is assigned to each graph node k. For gray value
segmentation the 1D feature is the gray value gi,j whereas for dot pattern clustering the
dot position itself defines the 2D feature vector: fk

T = (xk,yk). In case of border point
direction the unit vector (cosk,sink) is used as feature vector. Other examples (not
considered here) are the orientation, size, and certain shape features of texture
elements (texels).
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The connection of two graph nodes k and k’ is governed by a similarity criterion

||fk – fk’||  tk,k’
(1)

where ||f|| is the norm of the vector f (||f|| = |f| in case of an 1D feature f) and tk,k’ is an
adaptive threshold. (1) is justified by observations from perception research [1] which
tell us that not the features themselves are responsible for segmentation but the feature
differences (feature contrast). Furthermore, the discriminability of two neighbored
features depends on the feature variability within some neighborhood of both the
features. In [2 – 5] some feature variability measures have been considered. It turned
out that (up to now) the following threshold tk,k’ gives the best results:

tk,k’ =  MIN{fk,fk’} +  (2)

In (2)  and  are two parameters which depend on the kind of the feature (see
below). fk is defined as follows:

fk = MIN ||fk – fk’||

                                                    k’  N(k)

(3)

is the minimal feature difference (nearest neighbor feature distance) within the
neighborhood N(k) of Pk. fk  is a mean value of fk taken over some neighborhood
of Pk which depends on the kind of the feature. The measure of feature variation

MIN{fk,fk’} (4)

used in (2) has the advantage that it never crosses feature discontinuities and therefore
measures the feature variation in segments but not across segments. In ideal images
with stepwise constant features one has MIN{fk,fk’} = 0. Then the threshold (2)
reduces to tk,k’ = . Therefore,  can be interpreted as the minimal resolvable feature
difference. For instance, if fk is a texel orientation (angle) then there exists a minimal
angle difference which can be resolved by the human visual system. In busy (noisy)
image regions .MIN{fk,fk’} determines the similarity threshold whereas in
smooth ones  is prevalent. Generally, tk,k’ varies within the image (or dot pattern), and
it adapts to changing image statistics and structure.

If for two graph nodes k, k’ the feature similarity criterion (1) is fulfilled then the
nodes become connected by a graph edge. For graphical representation one can
connect the points Pk and Pk’ by a straight line (if there is a limited number M of points
as in certain dot patterns or segment borders). For algorithmic purposes the neighbor
adjacency list NAL(k) [14] can be used for graph definition. NAL(k) contains all
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nodes k’ which are connected with k. Finally, the clusters or segments can be defined
as the connected components of the graph which can be called the Feature Similarity
Graph (FSG).

If this method is applied to images or patterns one obtains good results only for
nearly ideal images or patterns (with stepwise constant features and low noise). In
noisy images the method fails because only local information is used for graph
construction. One needs regional and even global information. To exploit such
information an adequate smoothing procedure is used which smoothes the features
within regions but not across regions (edge preserving smoothing). In order to
proceed from local to regional and (sometimes) global processing a recursive
smoothing procedure is introduced which uses the FSG connectivity.

To develop such a procedure feature averaging over the (Voronoi) neighborhood is
considered. Let nk be the number of (Voronoi) neighbors of point Pk. Then

fk = 
1

1

kn
(fk + 

 )(’ kNk
fk’  ) (5)

is the mean value of the feature fk. An equivalent (recursively written) notation of (5)
is

fk(t+1) = fk(t) + 
 )(’1

1

kNkkn
[ fk’(t) - fk(t)] (6)

                                                                                                                    (t=0,1,2,....).
The initial condition is fk(0) = fk.

Because of its linearity, the recursive algorithm (6) with increasing recursion level
(or discrete time) t diminishes the resolution of the image/pattern and blurs the edges
more and more.  It is a special case of linear diffusion and can be used in the multi-
scale analysis [15] of images. But here we do not want to blur edges and to smooth
out image/pattern details. Therefore, the feature differences in (6) must be weighted
properly to prevent that. Introducing weights wk,k’ the following scheme is obtained:

fk(t+1) = fk(t) + 



)(’

)(
kNk

k t wk,k’(t)
.[ fk’(t) - fk(t)] (7)

In (7) the k(t) are parameters which must be chosen properly to guarantee stability.
Constant and small enough (t) = 0 (e.g. k =1/(nk+1) give stability. But, as usual for
learning algorithms stability can be enforced and convergence accelerated using a
decreasing sequence of values (t).

For choosing the weights wk,k’ the similarity criterion (1) is used:
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Wk,k’ = 




elsewhere
fulfilledisif

0
)1(1

(8)

With these weights encouraging results can be obtained. But, in images with strong
noise the averaging power of (7), (8) is not sufficient. To enhance the smoothing
capability of the method a degree of similarity is introduced. With edge strength x k,k’ =
||fk – fk’||/tk,k’  the similarity criterion (1) is equivalent to xk,k’  1. Then the  function
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101
)(0 xif
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xs (9)

can be interpreted as a degree of similarity. More generally, each non-increasing
function s(x) with s(0)=1 and  can be defined as a degree of similarity between
neighbored features fk and fk’. The function

21 1

1
)(

x
xs


 (10)

turned out to be useful but many other functions are possible too.
With the function s(x) the weights wk,k’ used in (7) can be written as

wk,k’ = s(xk,k’). (11)

Via these weights a more general definition of the Feature Similarity Graph can be
given. Each FSG node k is connected with all (Voronoi) neighbor nodes by a FSG
edge. To each graph edge between k and k’ the weight w k,k’ is assigned. If the weights
(11) are given by the function s0 (9) then the FSG is a “hard” graph with connections
(weight 1) or no connections (weight 0) between the nodes. But, if another (soft or
fuzzy) similarity degree s(x) (e.g. (10)) is used then the FSG is a “soft” or fuzzy FSG.
Now the following processing scheme can be introduced:
- For each point Pk its (Voronoi) neighbors are determined.
- The smoothing scheme (7) is applied recursively up to the recursion level t max  where
stability is reached. Especially, the feature variation measures (4) must be calculated
for neighbored points Pk, Pk’. The smoothed features fk = fk(tmax) are the result of the
procedure.
- Now the fuzzy or soft FSG can be generated by assigning the degree of similarity
s(xk,k’) to connected FSG nodes k, k’.
- The hard FSG can be obtained from the soft FSG if the degree of similarity s(x k,k’) is
binarized using the threshold s = 1/2. The connected components of the hard FSG are
the (hard) segments of the image or dot pattern. These segments can be labeled with
integers m, the numbers of the segments, using a graph traversal algorithm [14].

The algorithm can also be used for edge extraction. A “hard” edge is situated
between two neighbored points Pk, Pk’ if the corresponding FSG nodes are not
connected by a graph edge, i.e. if (1) is not fulfilled. It follows that there is always an
edge if Pk and Pk’ belong to different segments. But there can also be (non-closed)
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edges inside a segment. Furthermore, via the degree of similarity an edge strength x k,k’

can be assigned to every connection between (Voronoi) neighbors.
The nonlinear difference equations (7) can be implemented with a discrete time

neural network if a neuron is assigned to each node k. The smoothed feature value  is
the state of neuron k at recursion level t, and the original features fk define the initial
state of the network. Each neuron k is connected to its (Voronoi) neighbors.
Therefore, the network is closely related to the discrete time version of a Cellular
Neural Network originally introduced by Chua and Yang [10]. The essential
difference is the used nonlinearity. In most neural networks including the CNN the
nonlinearity acts on the state variables whereas in the network represented by (7) the
nonlinearity acts on the differences of the state variables of neighbored neurons.
Furthermore, in (7) the nonlinearity is not a constant function, as e.g. the sigmoid
function, but it depends on the statistics of the input signal (via the fk).

The method now is applied to gray value segmentation, border point grouping and
dot pattern clustering.

3   Grey Value Segmentation

Now the points Pk are given by the pixels (i,j), and the features fk are the gray values
gi,j. The threshold (2) is given by

ti,j;i’,j’ = MIN{gi,j, gi’,j’ } +  (12)

Experiments with various images have shown that  = 1 and  = 5 are good
parameter values for 8 bit images. For the window used for averaging the gi,j the size
11 x 11 is adequate. Further minor specifications can be found in [12]. With the
similarity degree s1 (10) the smoothing algorithm (7) is closely related to the discrete
version of Perona - Malik anisotropic diffusion [16]. Some results are shown in
figures 1- 4 (see also [17]).

It should be said that the same algorithm which was applied here to the original
image gray values gi,j can also applied to other feature images, e.g. to the gradient
image |gi,j| ( [18]). Then e.g. the border of the noise in figure 1 can be found.

Fig. 1. Background with square and additive noise (S/N = 1)

      a) original                   b) smoothed image (35 iterations)    c) 2 biggest segments
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Fig. 2. Original and smoothed gray value profiles of figure 1

  
Fig. 3.  Lena   a) Original image   b) smoothed image (76 iterations)   c) Segment borders

   
Fig. 4. Berlin Television Tower   a) Original  b) Smoothed (62 iterations) c) Segment borders

4   Border Point Grouping

An image segment with 4-connectivity as defined above has a closed contour of
border points. Here, for simplicity, only outer borders of area segments are
considered, i.e. line segments are excluded. Then, each border point Q has two border
point neighbors Q’ and Q’’ which are located in the 8-neighborhood of Q. Figure 5
shows a segment with gray marked 8-connected border points and assigned
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directions. The directions  can have the values 00, 450, 900, 1350, 1800, 2250, 2700, and
3150 as indicated by the arrows.

Fig. 5. Segment with border points (gray) and assigned directions

As feature vector the unit vector nk
T = (cosk,sink) is used. The distance between two

8-neighbored vectors nk and nk’ is given by the square root of

|| nk - nk’||
2 = 2(1 - nk nk’) = 2(1 - cos) (13)

where  is the angle between vectors nk, nk’. After smoothing the smoothed normal
vector  nk  is normalized to unit length. The following border examples have been
processed with  = 2,  = 0.2.

    
Fig. 6. Border point segmentation

    a) Border points with directions  b) Smoothed directions  c) Feature similarity graph

    
Fig. 7. Border point segmentation

These few examples show that because of smoothing corners can be detected properly
(figure 6) and that “round” borders are not split into pieces (figure 7).
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4   Dot Pattern Clustering

Here the features are the dot coordinates (xk,yk). The similarity of points Pk, Pk’ now is
better called proximity (as in Gestalt theory) and indeed the clustering method can
explain the Gestalt law of proximity [3 – 5]. The proximity criterion (1) can be
written as

d(k,k’)   . MIN{dk,dk’} +  (14)

Here dk is the Euklidean distance between dot Pk and its nearest neighbor, and d(k,k’)
is the Euklidean distance between the points Pk and  Pk’.  Good values are  = 2  (see
[3 – 5]) and  = 0.  In  the results shown in figures 8, 9 the dk are not averaged. See [5]
for more details.

Fig. 8. Dot clusters and Feature Similarity Graph without smoothing (2 clusters)

Fig. 9. Dot clusters and Feature Similarity Graph with smoothing (125 iterations, 3 clusters)

Figure 9 shows that because of the smoothing procedure the separation of the two
upper clusters becomes possible. For other successful clustering results see [5].
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5   Conclusions

It was shown that feature grouping can be carried out with CNN like processing
structures and a properly defined graph, the Feature Similarity Graph. Of course, the
presented solution is not a final one. It shows only a direction of possible future
research. There is hope that other features can also dealt with the presented method
(see [3] for a first approach related to texel orientation and size). To apply the method
to texture segmentation adequate texel shape descriptors must be chosen and their
similarity relations formulated.
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